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PREFACE

Le caractére de rareté de certaines matiéres premiéres est longtemps resté un concept un peu abstrait pour les
sociétés occidentales, et il a fallu, pour qu'elles en prennent conscience, qu'elles aient eu i faire face 4 des événements
¢conomico-politiques de premiére grandeur comme le premier choc pétrolier de 1973.

En matiére de matériaux métalliques aéronautiques, I'événement majeur a sans doute €1¢ fa crise Zairoise de 1979,
qui provoqua l'envolée des prix du cobalt. A partir de 13 apparaissait en pleine lumiére un phénoméne antérieurement
bien identifi¢ la grande sensibilité de I"approvisionnement en un certain nombre de matériaux - chrome, cobalt, tantale,
niobium, mais aussi dans une moindre mesure nickel, tungsténe ¢t molybdéne - i la fois rares, et pour la plupart d’entre
cux guére disponibles dans des pays surs.

En outre, I'évolution actuelie de 'industrie aéronautique en matiére de moteurs  recherche de consommations
spécifiques réduites, entrainant des températures de fonctionnement et des vitesses de rotation accrues - conduit 3
s'intérester en matiére de superalliages 3 des formulations nouvelles, dans lesquels la place des matériaux réfractaires
figurant dans I'énumération précédente se trouve étendue.

Tous ces facteurs conduisent désormais les instances politiques, les constructeurs aéronautiques ct les producteurs de
maténaux, chacun pour leur part, & considérer les problémes de stockage. de conservation, de substitution et de recyclage
de matériaux métalliques. comme nécessaires 4 la fois sur le plan stratégique et sur le plan économique.

Le présent ouvrage. qui rassemble les communications présentées 4 une Réunion des Spécialistes du SMP de
FAGARD. est focalisé sur deux des sujets précédents: substitution et recyclage. Ont été abordées d’une part toutes les
techniques susceptibles, en matiére de superalliages, de réduire I'emploi des matiéres premiéres métalliques les plus
sensibles, mais aussi toutes les solutions alternatives faisant appel 3 des matériaux d'une autre nature (intermétalliques,
céramiques).

Par ailleurs ont ét¢é répertoriés les divers problémes relatifs au recyclage des superalliages dans 'industrie
d’élaboration: identification des problémes provoqués en particulier par I'accumulation d'impuretés, et recherche des
solutions correspondantes.

En outre ont été présentés, & titre de synthése, deux documents introductifs sur les problémes de géographic
¢conomique auxquels se référe la réunion, ainsi qu'une revue sur les techniques économes en matiéres premidres
(métallurgie des poudres par exemple).

Une table ronde a eu lieu en cldture, comportant quelques communications bréves et une discussion générale sur
chacun des deux thémes retenus. Elle sera ¢ditée sous ia forme d'un opuscule complémentaire.

P. COSTA

Président du Sous-Comité

“*Substitution et Recyclage de
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STRATEGIC MATERIALS PROBI KM 4
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ABSTHACT N
hy
arnd onat ! nal defense sygtems of the {ndustrializel, sarket-cconamy ;
o ¢ oy imparted raw materinls.,  Dome of thege materlalr are vitnl to sne i
Pt LT oadivanced Weapaens or Lo baale production eapaclity sach we mashine trolo, X
e shortag: exists, the potential of supply interruptions rejilres nationad i
Coprm ! ingurance.,  Alequate preparedresr requires 1 multi-faceted strat- §
Sapatd ity of short-term response, such as stockplling, and lonver tern f
emerysenty sabstitution Tevelupment of substitutes occurs normally on N
e rojerfurnance tivantage fu foreseen.  Oome aubotitutes are telng developeld 't
this satural economic process, but in other cnases no Jdlrect economlc motivation *
X Testndvally promising sutstitutlen levelopment whict could reduce vulnepatitilty f
may rejoive meore dellterate ang boetter organized governtent support, 4
- N
L. INTHOUGSTION:  IMPORT [ EPENDENCE -
recyc.ing In relatlon to crlttcal nd stratewlc materlnls, the topl: E
t Lo te congsldered (noa broader context. What tre gritis-l materials i
coirateyict To whom?  What are the actual r opotentlal strategl: prul- @
fone to solve these protlems?  WwWhat 1s the rol- of substitution a.d re- ¥
e cverall set of sol.utions? What are the present and potential possiblili- A
t L from a technical viewpolint? To what extent are these technlcal possi- %
! e reallized through normal market forces and current government programs?
: oroadditicnal programs?  In this paper we attempt to deal broadly with
tren . yroviding a vacepround and setting the stage for the detalled technizal
Japers ol iow,

A vast literature exists on the gubject of strateplc and critical materlals, especinlly
with respe:t to the United Otatea. Much of this literature !s in the form of reports with
Plmivted avaliablilvy. In thla paper the author seeks to give a purely personal viewpolint
supjorted Ly references whichk are far from a complete set but whilch are among the more
avcessible.  Two fortncoming reterences of speclal merit were avallatle in draft form
{refer nces L,-) und have teer, used for a general update.

Tre hivhly industrialized, market-economy countries import more than half of many of
the riaw mater{nls wnict they require. Talble 1 gives percentages mported for 12 essentlal
cemmodities.  The Ynited States, the Furopean Eccnomic Community, and Japan are each heaviiy
feperdont on Imp rta, In contrast, the COMECON countries supply most of thelr cwn needs for
thesr cummodities with the excentlon of cobalt. Even for cobalt they supply about ovne-thirdt
A thelr needs and so woulld be able to come much closer to meeting thelr most esse:ntial
reeds Trom thelr owr production than the EEC which imports 97 percent of its needs,

o A i 2 B L AL
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Juncery: aver i possible interrupt!on in supply is intersifled by t'.e fact that for 3

sume miterials the supply omes primari{ly from a few countries, Moreover, some of these P
svintries are thought to be politically unstable. Table 2 1llsts the primary source coun- !

trles having the greatest reserves for the materials of Table 1 (references 3,4). Belgium-
Luxembury, listed as a source of cobalt, is of course rnot a primary source. This example
su/zgests the difficulty of tracing supply to its ultimate source, for example, finding the
true source of chromium during the embargo a few years ago. Caution and expert advice are
appropriate in using such data.

————— =

2. CRITICAL MATERIALS

Concern with the economic and security aspects of materlals shortages has a long hilas-
tory. In the United States this concern goes back to World War [ and led ultimately tc the
establishment of the United States' strategic stockpile which exists today. Import lepen-
dence alone was not the concern. Rather the concern was and is with materials which are
critical to a country's well-being and are strategic in the sense of being imported and
being thought to be vulnerable to reduction of supply. Opiniloc..s as to which materials are
"strategic and critical™ have varied greatly. Sixty one commodities (some i1 several forms)
are still held in the U.S8. Stockpile but many arc there for historic reaasons r.ther than
current views of their importance. Uenerally attention centers on a list of ten to fifteen
minerals as shown in Table 3 (reforences 5,6).
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eraliation of the Jlegree of strateg!: metal vulneratllity 1 the
veo speclal mention (reference 7). A comnitiee of Lhe Metals Properties
- oh F.w. Jtalker examinedl 1# important metals., They used a new i{ndex which
sees e woccunt reelds {in peace or war), reserves (World, North Amerlean, and UDA),
Crotoceton W rtd, Nerth Amertoan, and UDA; each in peace and war), US consumption (in
poeie o owar o e tiat bty f source (in peace or wari, state of 10 atoegplle relatlve Lo

.

[N Sl $ per pount, atlitty to recvele (In peare and war,, and probabtlity of curted
Cormat!t oo ot jescce ot ward, The resuits fell Into three groups an shown i Tatle 4.
FRETS S Tor e ment o crltlon] metals correspords gely Lo the cuprrent general
Tew o t oy iy devel Lo the ited Dtaten Bareay of Mines neerntng the mogt ooritlooag
tlale to e L0, Ar st in Tatle o these apre ctromlum, alt, manwane o, ol the

toepiticnl materiales besause 110-
v opercept Lons of vaineratiilry

Srowhiioh oare the ro

a5 well an M Tep

- o critleal mvbertala. Peeohaps a onmore Isport et
LU Te 2 ton of the Corm of materials Lo conslider criol vl
ar jueat lon in st 1%,

Yoo POSSIBLE TRORLEMS
crnere are W Tferences 'n o the stratezic and srivical materials g
ten amon,s the industriaiized, marret-evconomy countries, bat thelr proolens
siliar. Mu of the existlng analysls refers to the Unlted Dtates and wiil
trareasingly repreLentative of the general sltuatlon.

Biaok wonas ciassified possible problems with minerals supply into wwo catesories,
ter rL-term, 15 shown In Table r {referance y). e views the former 2s arlsliny

¢ Cpercinstent cuniitions, or trends, and the latter as arising out of large deviations
wotrent o Lther translitory ocourrences.  Most of the olassifloations of Table foare
MRS ryorit oa Tew may requlire clarifleantion,  Long-term exposure Lo short-ternm

“tes cours when there L3 phvsical concentratlon of supply 1o areas (3uch

w: respe:t to chromium} that are unuzually subJect to pollticaily mo-
rraptions. Sume of the price-driven jrotlems classifiedt Ly Filschm o are
to producing ~ountries pather than to users, and may evern venelit isers

leand to longer term probtlems for users If some suppliers are driven sut

L€ view of thils audlence the nbove clasaiflcation may seem over elator-
¢ those present here would prefer to concentriate on items & and 9.
with the continulng potential of a politically~motlivated supoly restric-
vy wf one. Before concentrating on this type of problem It .3 well,

for o a moment on some implicatlions of the above complex classiflcation.
temand 1s generally an ecun..mic questlon and becomes somethlng else only

i

Y odtstorted ty poLlitics or war., Mineral resources are distributed unevenly amuny natlons.
Lt {table process of seeking economlc advantage whilch market-oriented ecoro-
-

nat.ly ileave tu the market tou settle. [n practice thls econcnle trulsm ls
.owed by any government {f the economlce consejuences bernme severe. Thusg
ticai materials 1s inevitably a political discusslon wiose ramifications
nosome cases. We cannot pursue this subjJect here, and wlll concentrate
ARt emergency (2 and ) 1n which this audlence pres mably can ind corsmon cause.
it Lo, we counsider dealling with an exioting emeprgency or 1 loug-term threat of an
wriich s iearly of the nature of a war or a major polltical actlvity and :learly
the normal market process even when the latter is modified somewha' Ly a m.derate
interverntion Ly governments.

4. IMPACT AND' LIKELIHOOD OF SUPPLY PHOBLEM:

The impact of a supply problem depends, of course, on the uses oun the materlal and
w.ilt vury grestly among the critical materials., Let us briefly examine the major uses and
the malor scurces of supply for the four most critical materials.

The major uses of chromium in the United States are shown in Table 7 (referonce 13).
4} production dominates and within metal production stalnless steel dominates. JSuper-
4liuys, whict are often cited as a vulnerable area, require only 2.5 percent of the chrom-
tum i3ed in metals or less than two percent of all curomium used. Table 8 gives the dlu-
tritution of known ore reserves and shows the well-known dependence on southern Africa.
Tatle 4 alac shows that despite the concentration of known chromium reserves in one part
27 the world there 18 an ilmmense amount of {t, more than a two hundred yeara supply at
carrernt use rates, The great utllity of chromium, 1ts relatively modest price as a spec-
{aity metal ( :ss than a dollar per pound of contained chromium in ore), and the larve re-
serves indicate that it will continue to be used 1in large amounts. Indeed, the development
in South Africa of a new family of weldable, corroslon-resistant alloys (termed 3CR12 by
Middleburg Steel and Alloys Ltd.) containing 12 percent chrorium suggests that a considerable
increase in the us2 of chromium may occur, possibly a 50 percent increase.

The use, distribution and price patterns for cobalt are quite different (reference 11l).
Table 9 shows that the use of cobalt 1s indeed concentrated in high technology applications:
superalloys, magnets, and tools. Southern Africa 1s avaln an Iimportant source but does not
overwhelm the picture to as great an extent. Substantial reserves exist in Oceania and the
" {ted 3tates has a substantial amount of uneccnomic¢ resources which could be mined in an

o y—— -




emergency. The immense potentlal of the gseabed nodules should also be noted. The
polee of sobalt has varied from $5 to more than $2% per pound in recent years.

Marcanese presents a julte different sltuation than either chromium or cobalt
(refere:n e 1i). About 90 percent of all forms of manganese consumed in the United 5States
s used 'n the manufacture of lron and steel. It is used for deoxidation, desulfurizatlon,
and contrel of morphology of sulfides and carblides in iron and ateel products. Its effects
o strength, toughness, hardness, and hardenability are also important. Steelmaking with-
sut the use of manganese, although possible, would adverseiy affect steelmaking costs. For-
t'nately, the istributlon of manganese reserves 1s relatively widespread., The principal
free-wourld scurc: s of manganese are the Republic of South Africa, Gabon, Indla, Australia,
ar.d Brazil. Mexico could kecome a slgnificant supplier in the future (reference 12).

The world production of platinum-group metals in 1978 13 summarized in Table 11
(reference 13). Table 12 glves the maJor categoriles of use in 1977 and a forecast for
yearly consumption beyond 1988. Without taking time to gc into detail about palladium, rho-
dlum, and Iridium, let us note that they have some speclalty uses (e.g. as components 1n
ceptaln catalysts or as cruclbles for crystal growth) for which platinum alone cannot sub-
stitute. The platinum-group metals present a complex picture of specialty uses dominated by
the rejuirements for catalysts for pollution control for vehicles. Despite great efforts,
rubistitute catalysts have not displaced them yet. It 1s noteworthy that substantial depos-
tts 7 platimum and palladium are known {n 5Stillwater in the United States so that emergency
~ining would te possibdble.

FOSCIRLE RESPONSES TN SUPPLY PROBLEMS

alti therce faots atout criclcal and strategle metals in mind let us turn to a consi-
ferat.orn. of how a country might respond to a supply Interruption. A useful classification
20 respunses 1s plven in Tatle 13 (reforence 1l4), Let us recognize at once that the re-
spenses listed there do not it with complete comfort Into the ..oxes shown. Nevertheless,
*rits classification dees properly emphasize the most important aspects of these types of
response i terms of whether they are primarily short-term or long-term and whether they
are primarily aimed at modifying supply or modifylng performance.

Wrnat carn te done as a1 short-term response to a shortage of a critlical material?
Jtockpiled material carn te disbursed. Productlon {rom t'.e remalining sources of supply can
te silocated; l.e. government can cverride market allovatlion of the remaining short supply
't the interest of national securlity considerations. Recycling can be ilncreased beyond the
rermally economic level. All of these responses aim at providing alternate supply of the
shcrtage materlale. In contrast, the fourth type of short-term response is to substitute
ir. altuatlons where the technology of substitution 1s known and available.

What can te done to respond on a longer time scale? International relations can be
cultivated to assure supply from remaining foreign sources. Domestic production from
normally uneconoumic sources can be subsidized. Research and development can be conducted
to develop new sutstitutes. Substitution which has succeeded at the laboratory level can be
pushed through the generally expensive and time-consuming process of establishment in
commerce.

In the briefl time available let us give some conslderation to each of these responses.
6. STOCKFILING

ir, .ne United States. the itrategic and Critical Materials Stockplling Act provides
for " ' cyulsition and retention of stocks of certain strategic and criticali materials and
to encour 1ge the ~onservation and development of sources of such materials within the
United States an _hereby "o decrease and to preclude, when possible, a dangerous and costly
dependence by the United ..ates upon forelgn sources for supplies of such materials in times
of national emergency" (reference 15). The Act defines "strategic and critical materials"
as "materials that (A) would be needed to supply the military, industrial, and essential
civilian needs of the United States during a national emergency, and (B) are not found or
produced in the United States in sufficient quantities to meet such need". It is interest-
ing tu note that the Act speaks of industrial and essential civilian needs as well as mili-
tary needs and that it speaks of national emergency rather than more narrowly of war. How-
ever, the stuckplle is clearly intended to be used only as a last resort and not for inter-
vention in the ecunomy excep* in extreme circumstances. The Act allows release of material
only for "purposes of the national defense™.

The status of the stockpile with respect to the four materials currently considered to
be most important is summarized in Table 14, The goals are set by the Act's requirement
that "The quantities of the materials stockpiled should be sufficient to sustain the United
States for a period of not less than three years in the event of a national emerger. y". In
practlice, a complex set of political and budgetary considerations affect the holdings; for
~xample, sale of excess material such as silver is often resisted by the producers. The
situation differs greatly within the four materials; the goal is greatly exceeded for man-
ganese, substantlally met for chromium, and is less than half met for cobalt and the plati-~
num group metals. Such a broad statement omits consideration of Jetailed considerationas.
Por example, Jdeclining capacity for ferrochrome production could make the United States un-
able to use the stockpiled chromite at an adequate rate. On the other hand, certain other
metallurgical furnaces might be capable of rapid conversion to ferrochromium production. A
similar concern is whether the older stockpiled cobalt is of sufficient grade to be used
directly for modern superalloys.

e v
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whatever lta shortcomings, the U.0. stockilie is a strouny Jnsurance polley whicn would
v lie priceless time to put other preaponges to 1 emergency intoe eflect.

{.  ALLOTATION

Trder the Defense Productlon Act of 1950 the frealdent of the United States s plivern
1 powers to pive priortty to contracts and to allocate production involving atrategl:
et ical materials when he Clnds that it o egsential to do oo 1n the natlonal Jefen:
function §s carried out primarily throuwst the Department of Zommer-e. The authorlity
socasteonally teen used In pedce time;  for example, In connectlon with tulldlne the

transeA a5 L ipeline,

tY
-2
s
-3

ny that re-~yvoling wili be treated irn detall later, we shall -onf
tere, F recyoidng of acrap withiin a plant or of tetweer pl
oo tat teloraringn to the same firm (o very different from recy:lin
Vertte conaamers. inothe latter cnge vollectlan and separa ]
the Tatter type of recycllng Lrings into play additional
cager the Interylay of Lccuriﬂsl and economis factors
1nothe latter uase Juch AstAhuLlunni facturs ’R8 the ownershly

Ine surselve:n
ant.s b 117
o orap

o
oer
.

3

.
amerous highly Jdiverse of local government unlts, whlch are
LY LLINDNG, TUKes ey fusteconsumer refuse Tur rocovery of

E Coror culline most expensive ttems suchoas tie pLuatlinuT

{5 that 1f the sutstitute were as ool and as chenp
would acour without the v"ussare Gf the threat o0 stra-
stateme:nt must bte modi{fled hy rezognlzlng the laree

i3 vauged by the lnvestment 1n udmdilj ty use the ourren
tarrter whilch ztandarids may cause. It, many situntions 1t 1s easler te
terms o€ o materla. rather than in terms of performance.  «<ualiflylny 1 new

o erivical components 20 2= alreraft 13 an expensive and time-conzumlng tasd.

Al jretiem witn
verial in use, ouabte
tests raterials valneratlilit

nofnovhe use of matert

33

A'at*er cruclal aspect ¢f substitution lu that 1t involves not ‘ust the propertl
erfal but the whole seguence of process involveld in the manufacture and use .0 gow
e substitute material, w8 there are strong Lnrrlers to use of a sutstitute materl-
M 1L .L.e58 tre economic advantape 13 great enough to Justify ail the costs of new capltal Irn-
., new standards developnent, and user education. Jometimes the t *fi‘s o’
entments cannst te caytureld 'y the persorn deiwh then s> that the real r.
these costs 10 sutstitution is LJ UCCUr.

et e

Here is ftuativn wrere a certalin amount of Judiclous investment by government seems
RIAR VIS S art .f a valanced program of natlonal security. While no clear action plan
evoivel there is a continulag discussion on what should be done s0 that existing substl-

srotechne, vy could e rapidly depluyed when needed. Nne propusal ls for an "informa-
“’;‘f; 1e™ which would contaln tnformation on substltutlon technologles Incluilng all
asse:iated process ant ugse changes (references 10,17). it has bteen prupnsed to esta-

an internatiunal jrugram Lo develsp standards to facliitate the use advarnced materi-
.reference 17);, 3 13w&;a1 extension would bie to develop stanlards fol substitute materfi-
L emeryency use.

2. INTERNATIONAL RELATION.

Sirice World war !I a much more liberal trading system has evolvel among the free worid
:.3tiuns as 1 resalt of the recognition that protectionism had falield in the interwar period
‘refererce 19)., Three decades of relatively hlgh growth rates took place in the {ndustrial

cwuntries, In recent years the developing world has called for a new International economic

Fi - srder, heavily emphasizing the stabtilizing of raw materials prices and seexing to ralse them
Ly means of international commodity agreements. This 1s a majfor challenge tuv the free trade,
marxet-oriented system favored by most industrialized natlons, at least in theory. Another
:rallenge concerng off-gshore minerals (including petroleum, manganese nodules, and the newly
1tgcovered sulfides) and the impact of the Law of the Sea.

—~——

T

11.  ENHANCED DOMESTIC PRODUCTION

Uomestic production of many minerals has declined in industrialized nations. The com-

mon explanation involves declining grades of domestlc resources in contrast to good grades

ard cheaper labor in certain developing nations. However, some commodities can still be

produced domestically from lower grade ores (e.g. copper in the United States) so that teohi-

riulogy, organization, capital, and proximity to markets can sometimes cvercome a resource

1isadvantage. Industrial, free-world nations generally do not find it advantageous to subl- :

sidize uneconomic mining, but support for minerals research and development and a ravorable

climate for domestic industry can be an important part of reducing vulnerability when mar-

ginally economic domestic resources exist. Discovery of new domestic ores would be very im-

{ portant yet, as Yoder (reference 20) points out, there is no major baslic research effort in

i the U.S. specifically designed to provide the fundamental knowledge needed to explore for
elements in minerals not now exposed at the earth's surface,
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1o REJEARCH AND DEVELOPMENT FOR SUBSTITUTION JECHNOLOGY

Toraslderinge that substlitution technolomy 18 one of two main themes of this conference
arct will be Jdealt with 10 many papers to come, we ghall address only a few principal points.

Fipast, substitution can be taken {n a troader gense to include process substitution

to lnelude coatlnegs technouiogy. Since some of the most important possibilities for

R TN \r'ti‘\l materials use would be excluded by a narrow definition <f substitutlorn,

tie tr~alvr senge 1z taken here. We have noted that two-thirds of chiromium usage 1s in

nlloys. A recent atudy of the steel Industry (reference 21) 1lscusses several technical

L nnowhish oare tefiny introduced in steelmaxking which may act Lo reduce average allouy

steel | fiction., These Include contlinuous casting, new meltiry and refirniny prac-
v antrol throush sengsors and computers, and improved shape cuntrol, Jurface

sation o a malor opportunity for further reductlon in critical materials use.

e g B Bhie R S

(tles Cor reduction by year J000 in chromium and coualt rejulret vy the aero-

v are piven in Table 15%. The wide band between t~e high and low estimates {ni-
great uncertalnty of such estimates, hut the results show that very important
reducticne in vainerabllity are possible through technical advarces 1n substitution and

rear ret shaje processing.  Good technical opportunities exist for the substitutlon of cera-
-{s Tor oy, temperature alloys, for cutting touls, fur wear surfaces, and as components
cempesiter (reference o0,

[

B 8 L A

In oview o f these potentilal reductions, how much (s btelng done to achleve them? The
inuwer appears to te that relatlively little 18 telng done In a purposeful way with the ex-
eption ol a few fine activities auch as NAJUA's CO3ZAM program (reference 23). The reason
it apparent.  Private Industry has little incentive to invest in research and development
3 t¢ produce sutstitutes which would be used only In an emergency; they have little
Yeope of preajlny a flrancial benefit from such investments. Thelr work on improving perfor-~
mance ani lowering cost lues lead to replacement materials and does appear to bte leuding
tv reduced vuirerability through the developuent of alternate materlals but this result is A
4 spineff rather than a primary poal. It is well to remember, however, that developments
2 new materlals could nlsce lead to increased rather than decreased .use of crftical materi- w
A18 af may Lte the case with the new CR12 steel mentioned earllier.

oty

Sovernmert, as part of {ts role in seeking to assure national security has a good rea-
s0n for supporting regearch on gsubsti{tute materials. A survey of federally supported ma-
terials research arnd development in the United States in 1980 attempted to assess the
amount of work being done on substitute materlals (reference 24). Out of a total of
i, 12%,7% thousand § spent on federal materlals R&D, 9,648 thousand $ was spent of work i
irectly related to substitution and an additional 13,960 thousand $ was spend on work re- G
lated to substitution. The total of 23,608 thousand is only about 0.2 percent but i3 even %
less impressive when it is realized that the projects are scattered in many agencies and
are subject to pressure {rom other priorities which make stablility of work difficult. Ta- :
ble i6 11ists the total federal funding for all forms of research related to critical ma- 3
terials. The amount totals 7.4 percent of all federal materials R&D. g
%

13.  STRATEGIC AND CRITICAL ENGINEERING MATERIALS

Tertaln speciai manufactured materlals can be critical and strategic because of the
nature of the manufacturing process rather than the raw materials requlired. Our dlscussion
80 far has concentrated on raw materials. The implied assumption is that a country can pro-
cess these raw materials into the vast number of engineering forms required. We briefly
noted one case, ferrochrome versus chromite ore, for which an interruption of ferrochrome
imports into the United Ctates might cause a serious problem despite the large chromite
stockplie because of declining capacity for ferrochkrome production. Many other examples
exiet.

The case of ceramic subatrates used as microelectronic chip carriers illustrates sev-
eral points. The materlal itsel!r, which 1is primarlly aluminum oxide, 1is available from
many scurces and is not considered critical per se. However, the special form needed re-
quires specialized manufacturing and stringent quality control. Japanese manufacturers
supply atout two-thirds of the substrate requirements. It is said that U.S. users of
these substrates typically have an inventory sufficlent only for a few days manufacturing
requirements. An interruption in supply would probably have very rapid and serious con-
sejuences, both military and economic. In the case of Japan, interruption of supply to the
United States seems very unllkely. However, thls example does i{llustrate how specialized
manufacturing capacity for critical engineering materials may be concentrated in a few
countries for economic reasons.

On contrast to the extensive analysis and established set of responses for critical
raw materials, relatively little has been done to provide insurance against vulnerability
for special ensineering materials. The balance of appropriate policy options is different.
Stockpi{ling is much less attractive because the stockplled. material is likely raplidly to
become obmolete and almcst valueless. In the case of electronic substrates the next genera-
tion may involve much greater use of other oceramics, for example. In responding to a cut-
off, greater reliance on allocation of domestically manufactired substrates plus expansion
of domestic capacity would be needed. The critical importance of having a domestic manu-
facturing base from which to expand is clear. In another case, that of high grade :.licon
carbide fibers for advanced structural composites, the United States has no domestic supply
considered equal to the quality of the Japanese fibers. The Department of Defense Advanced
Research Project Agency recently moved to fill this gap by contracting with the Dow Corning
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Cumpany and other subcontractors to develop a domeatlc source,

Further detalled discussion of critical engineering materials is beyond the scope of
this paper and la apparently rot the purpose of this confe »~nce. However, growing use of
high technology matertials makes [uture consideration of th.s claszs af materlals increa lng-
1y important for both economic and military reasons. In the United ltates there s a ri-
sing level of concern and a growing discussion of the need for a so-called "national indus-
trial policy”™ (reference 25). FProviding an insurance policy against shortages of critical
engineering materials is recognized as an important component of this pulicy. Further de-
velopment of specific ldeas is needed.

14, SUMMARY

In conclusion the following summary points are offered as the ersonal viewpoint of
the author:

(1) There 13 no shortage of strategic and critlcal raw materlals today. None is
Toreaeeabile in the next few decades as a result of any physical limitation of reserves and
resources. However, geographical distribution and politlcal factors make man-made shortages
a sufficlently real possibility that the industrialized, market-economy countries should be
prepared to deal with emergency shortages,

{2) A reascnable national plan rejuires many components balanced retween short and
long-term and between supply and technically-oriented responses.

(1) The costs of preparedness must be born primarily by government because the pri-
vate sector cannot expect to recover an investment in preparedness in normal clrcumstances
s0o that a firm which makes such an {nvestment wlll be at a.competitlve disadvantage,

(&) Within the total preparedness plan there 13 a strong role for research and de-
velopment [or substitution and recycliing. Not only s their potentlal great for increasing
preparedness but they have the chance of producing splnoff benefits of important commerclal

value to a country as a whole.

(5 To be effective, the substitution ani recycling portlon of a preparedness pro-
gram reed to be augmented with a program on standards development and a stockplle of infor-
mation of the entire technology of jrotection and use.

{6) Present federal programs, at least in the United States, appear to be at a low
. leve. and to lack stabllity. The standards and information stockplle components are in an
especlally weak state.

(7 The whole toplce of special manufactured materials which are critical tecause of
the distritution of manufacturers rather than the distribution of raw materials i{s growlrg
in importance., A different mixture of responses 1s needed, These involve sensitive issues
of national industrial policles. Analysis i3 at a less advanced stage than for raw materi-
als vulneratility.
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Table 1. Net imports as a percent of consumption in 1977

Material ___U.s. E.E.C. Japan COMECON
Manganese 98 100 99 3
Cobalt 97 100 100 68
Bauxite 91 97 100 28
Chromtum 91 100 98 2
Asbestos 85 90 98 1
Nickel 70 100 100 13
Zinc 57 91 74 9
Iron Ore 48 82 100 5
3ilver 36 93 71 10
Copper 13 100 97 4
Lead 13 76 78 3
Phosphate Export 99 100 23
Source: Bureau of Mines data.
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Table 2. Malor forelgn sources of the
U.3. supply during 1974-1977
Material Countries
Manganese abon, Brazll, South Africa
Cobalt Zalre, Belg.-lLux., Zambia, Finland
Bauxite and Alumina Jamaica, Australia, Surinam
Chromium 5. Africa, U.3.5.R., Zimbabwe, Turkey
Asbestos Tanada, 5. Africa
Nickel canada, Norway, New Caledonia, Dom. Republic
Zinc Canada, Mexlco, Australia, Belg.-Luxemburg
Iron Ore Canada, Venezuela, Brazil, Liberia
Si{lver Canada, Mexico, Peru, United Kingdom
Zopper Canada, Chile, Peru, Zambla
Lead Canada, Mexico, Peru, Zambla
Fhosphate .5, 1s 4 major exporter
Source: Bureauy of Minea data.
Table 3. Jelected 1ists of critical materials
Material 1974 Counc11® 1977 Review #¢
Aluminum X X
Chromium X X
Jobalt X X
Solumbium X -
Jopper X X
Fluorspar X -
iron Ore X -
Lead X X
Manganese X X
Mercury X -
Natural rubber X -
. Nickel X -
Phosphate X -
Platinum X -
Tin X -
Titanium X -
Tungste:. X -
Vanadium X -
Zinc X X
®Council on International Economic Pollcy
%8 interagency Heview of Pederal Nonfuel Minerals Pollicy
Table 4, Analysis of materials critical to the
United States in 19831 by the Metals : {
Properties Council )
Most Critical Middle Least Critical® H
Tantalum Vanadium Aluminum !
Chromium Rhenium Copper
Platinum Titanium Molybdenum
Columbium (Nb) Tungsten Magnesium [
« Manganese Silver Iron b
Cobalt Nickel 3
Gold E

Table 5. The four most important strategic and
critical metals to the U.S. according to
the U.S. Bureau of Mines

; Chromium

! Cobalt
Manganese
Platinum group
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Table 6. Possible problems 1in mineral supply
as classified by L.L. Fischman

lLong-term problems (persistent, or trend problems)

Monopolistic control of prices

L.ong-term exposure to short-term supply contingencles
Declining domestic processing capacity

Steep price rises

Depressed prices

Frice instabllity

Physical supply stringency

Short-term contingencles

Actions by forelgn governments or other entities intended to disrupt
supplies or raise prices

Actlions or events that might incidentally disrupt supplles
Jeneralized demand surges

Natural dlsasters

Table 7. Chromium consumption in the U.5. by use

Use Percent
Metal production 69
Chemicals 18
Refractorles 13

Metals se Breakdown

Stainless steels 69.8

Other steels 22.5

Superalloys 2.5

Other 5.2

Total use in the U.S. 358 thousand tons
in 1976 contained Cr.

Jource: National Materials Advisory Board based on Bureau of Mines data.

Table 8. World chromium ore resources and potentlial reserves

Country Known Ore Reserves Known Potential Ore
South Africa 62.4 76.5

Zimbabwe 32.7 20.5

USSR 1.2 0.8
Phillippines 0.3 <0.05

Turkey 0.1 0.2

All others 3.3 2.0

World total in 1,914 3,049

million short tons

Source: National Materials Advisory Board based on Bureau of Mines data.

Table 9. Cobalt uses {n the United States

Use Percent
Super Alloys 30
Magnetic materials 20
Tool bits and dies 15
Catalysts 15
Driers 15
Other 5

20 million pound per year total

Source: J.K. Tien et al.
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Application 1978 Beyond 1988
Troy Oz. £ Troy Oz. } 4
Automobile/ 354,000 48.6 500,000 29.2
Truck
Electrical/ 90,000 12.3 238,000 13.9
Flectronic
Petroleum 75,000 10.2 25,000 1.4
Processing
Glass/Glass 60,000 8.2 8%,000 5.0
Fiber \
Ammonia 58,000 8.0 62,000 3.6
Oxidation
Jewelry 35,000 4.8 225,000 13.1 :
Dentistry/
Medicine 27,000 3.7 45,000 2.6 l
Chemicals 26,000 3.5 25,000 1.4 s
Processing
Off-the~-Road 3,000 0.4 5,000 0.3 F
Vehicles
Puel Cells 1,000 0.1 340,000 19.8
Total 729,000 1,466,000 {
i
Table 13. A classification of the range of responses
to problems of minerals supply
Purpose Time Scale i
Short-term Long-term |
1. Stockpiling 5. International Relations
Qt"?"“' 2. Allocation 6. Domestic Production
pply 3. Recycling 7. Research & Development
4, Informstion
stockpile
Performance 8. Dissemination of Sudbstitution
by alternate Technology
materials

Table 10. Estimated 1979 world cobalt productlon,
million pounds
Country Mine Production Reserves Resources

A, 0 0 1,700
Canada 2 66 546
1,6 4o 2,340
.4 460 500
21 1,000 1,500
8 250 770

Ocearda 1.2 1,139
Worild Total 71 3,272 9,456
Jenbel Nodules e R P 500,000

Source:  JLK.

Tlen, et.al,

Tabtle 11.

World production of platinum-group metals

in 1378
Juuntry Truy Ounces Percent
U.5.0.K. 1,050,000 48,0
3outh Africa 24,950,090 Yh.h
Carnada 279,002 .4
Colombla 26,000 0.4
United States 8,300 Q.1
Other 37,000 0.6
Table 12. Recent and forecast annual consumptlon

by application
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Table 14. 1.0, national defense stockplle inventory
of the four atrateglc and critic-al metals
taken to be most important in this paper

i B MR % T St AR SRR O S sanchinil

Commodity Unit 1980 Goal Inventory

Chromium, Chem. & 5T Cr metal 1,347,000 1,424,921

Met. Grade

Chromite, ‘Ref. SpT f%0,000 391,414

Grade Ore ‘
Cobalt Lb Co 81,400,000 40,802,305

Manganese, [ loxlde oDt 87,000 212,136

Battery fraie ;
Manganese, Chem 5T Mn 1,500,000 1,970,000

& Met. GOroup
Flatinum Group

Iridum Tr 0Oz 98,3092 14,990
Falladium Tr Oz $,000,000 1,255,003
Flatinum ™ )z 1,315,900 452 642

Table 1%. Estimated possible levels of reduction by F]
year 2000 1n aerospace requirements for 4
selected critical materials through technical .i
developments 1
Pussible percent reduction In fly welght per typlcal advanced §
aircraft: B3
at
r Co 8
— e e 7
High Reductlion 50 80O 3
. Low Reduction ol gt
r
Possible percent reduction in buy weight, for a given fly welght, T
through reduced processing losses by using near net shape processing: ;
i
High Reduction 30 50 %
Low Reduction 10 25 il
3
Fossible lncrease In the percentage recycled: k-
Current 56 59
. ! High Fosslible €6 T4
‘ z f.ow Possitle 61 6F

Table 16, Distribution of R & D funding for critical
materials by technology goal

Technology doal Punding in $1000

o Direct Related Total
Substitution 9,648 13,960 23,608
New Sources 10,258 2,523 12,781
Reclamation 560 1,850 2,410
Life Extension 28,010 3,060 31,070
Conservation 1,585 2,400 3,985
Total, all Technology 50,061 23,793 73,854
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FACTORS AFFECTING THE SUPPLY OF STRATEGIC RAW
MATERIALS WITH PARTICULAR REFERENCE TO THE

AEROSPACE MANUFACTURING INDUSTRY #
by 3

E.W.ANDERSON
Department of Geography %

University of Durham AD—P004 212

Durham DH1 3LE
England

SUMMARY
The study analyses the political and strategic factors affecting the supply of

certain raw materjals critical to the European NATO aerospace industry. For various
reasons, including potential political instability, concentration of sources, small

i ap ALNAL

scale of production and technological-industrial problems, chromium, cobalt, hafnium, E
manganese, niobium, titanium, tungsten and vanadium are all considered to a degree i
at risk. ¥

1. INTRODUCTION

Much simplistic polemic has appeared on the subject of strategic raw materials, %
but it is in reality a complex topic involving aspects of many substantive (fields, :

including particularly, geology, technology, economics and politics with geopolitics
(Pig 1).

Definitions

With regard to raw materials, the term ’critical’ has normally been taken to imply a
high degree of need within the defence industry. However owing to the wide ranging
nature of that industry, allied to the fact that national ?ower involves the total
economic base, criticality has been applied more broadly.{l)In the present context the
term is related to one specific industry (Fig 2).

am - AN SR T 1

The term 'strategic’ has been used to denote & high level of import dependence and
therefore geopolitical vulnerability.(2)

Recent literature has tended to combine all aspects of vulnerability ard dependence in
the one term 'strategic'. 1In the present study, for a raw material to be thus 1
designated the following conditions must obtain:

(a) there must be a marked degree of import dependence;
{(b) there must be a very limited number of significant suppliers;

(¢) the material must be oritical for the aerospace and directly
associated industries.

All the criteria can be qualified. FPor example rather than a total geological absence
of a raw material, import dependence may only imply that the costs of domestic
recovery are at present uneconomic. Again, import dependence may result from a lack
of technology, energy sources or sufficient market incentive. For these reasons many
countries import partly processed ores and ferro materials.

Vulnerability clearly results when there is concentration on only a few sources which
between them supply a high proportion of the raw material (Pig 3). In general terms
the fewer the sources the greater the vulnerability although obviously the reliability
of each must be taken into consideration. When there are only limited world producers
of a particular mineral, there is no escape from concentration but in other casea
reliance on a few sources may occur for other reasons such as historical connections or
the quality of the product. At a stage further removed, the known pattern of world
reserves may dictate that at least in the short to medium term there is no alternative
to concentration. Purthermore there may be indirect dependence when imports are taken
from one country which itself obtains supplies from another. For example cobalt may
be obtained directly from Belgium - Luxembourg but the true reliance is upon Zaire,

the original source, Moreover the picture can be altered radically by substitution
and recycling.

o
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A further element to dbe considered is the scale of world production since if a raw
material 1is scarce and also only available in small quantities it is far more
vulnerable. (2) Not only can siupplies bde comparatively easily interdicted but investors
can affect the market. On the other hand, transport can perhaps be by air and
stockpiling is a more reasonable proposition. cConversely if an industry uses very
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large amounts of raw mater.al, speculation is unlikely to affect supplies but stock-
piiing presents far greater problems.

In some ways advancing technology reinforces dependence. For example, once a particular
metal has been accepted within an alloy, the time required for substitution together
with all the testing militates againat changes, Furthermore any substitute is unlikely
to be completely congruent in all the characteristics required. A further point of
significance is that most of the strategic raw materials have a range of uses, many of
which are not connected directly with sensitive industry. Therefore the approximate
percentage of use which can be validly labelled strategic, needs to be aacertained.

If of course this is only a minor percentage, then other supplies can, if the expertise
is available, be converted in time of stress. If on the other hand most of the raw
material s used in strategic industry this renders the situation even more acute.
There is also the guestion of relative cost in that the cost of the strategic may be
very limited compared with the overall cost of the equipment., Therefore a large price
rise would have little effect on usage, On the other hand of course, the materials
used in bulk are very much more sensitive to price rises.

Pclitical pressures

if a raw material comes from basically one foreign source, no matter how close that
source geographically or 1deologically, there must always be some vulnerability.
Political change may occur, local events such as strikes may affect supplies and
perhaps, more obviously, the country may require the material for itself and limit
exjports. Thus even supplies from within European NATO itself cannot be considered
t~tally safe,

The same problems apply to sources in the USA and Canada with the additlional problem

Cf the ’Atlantic Bridge'. The difficulty of shipping raw materials across the Atlantic
wiii lepend of course upon the length of time during the build-up to any conflict.

With a period of increasing tension, it is possible that sufficient strategic raw
raterials could reach Europe, but on the other hand, the sudden war scenario precludes
such movements.

Geveral neutral countries such as Finland, Sweden and Austria provide strategic

materials and during & period of tension, it is more difficult to foresee their reaction.
Finland in particular enjoys close relations with the USSR and 1ls clearly susceptible

to Russian pressure.

European NATO is also dependent upon materials from Australia, South-east Asia, Japan
and China., These very extended sealanes of communication, impossible to protect other
‘han at particularly sensitive points, indicate a further source of vulnerability.
With a tranait period of more than four weeks, the time factor becomes especially
important,

Furthermore European NATO depends to a certain extent upon supplies from Centrally
Flanned Economies (CPEs), particularly the USSR and China. These of course represent

a 1ifferent order of vulnerability in that, in the event of increasing tension, it can
te assumed that supplies would be denied. However at present it seems highly
improtable that the two main suppliers would act together. Other CPEs involved in such
trade include Yugoslavia, Albania and a number of African states, notably Gabon. In
the case of the latter grouvp, the fear muast be that Soviet pressure could lead to a
shange of trading practice. However such developing countries are particularly
deperndent upon revenues from their raw materials and the USSR is generally unable to
supply economic aid other than that involving arms.

Nunetheleas the importance of a particular raw material within the export trade of a
country must be considered. Por example if it accounts for only some 1% or 2% of the
total value, supplies to consumers might be reduced or halted with only very modest
effects {nternally.

Finally, southern Africa (3) needs to be treated separately. Not only is it a highly
volatile area with the USSR and its surrogates involved, but it is a long way from
Europe and South Africa itself of course poses a number of moral problems (Fig 4).

Thus {2 the case of all the major suppliers: USA, Canada, Australia and South Africa,
there are potential difficulties. Por example even in the case of the USA, titanium
su.plies were stopped at one stage and the total output was diverted for domestic
consumption. The nickel supplies from Sudbury were affected by an eighteen month
long strike while in Australia industrial relations problems are also a potential
hazard. In contrast to these, South Africa is a consistent and regular supplier

but, some would say, at what cost? The long term outlook for South Africa must cause
some alarm. (4) These are of course all peace time scenarios and in the event of
war the maintenance of supplies could only be guaranteed through stockpiles.

A further potential difficulty has resulted from the development in the supplier
countries of refining, beneficiation and further stages of mnnut!cturint. Thus the
materials appear in trade i{n semi-processed form and processing facilities become

-
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redundant in the consumer countries. They therefore become dependent upon the
producers not only for the ore but alsc for the further stages involved. This in turn
of course affects the forminwhich materials can be stockpiled and poses problems of
stockpile conservation and maintenance.

In conditions short of an incipient superpower conflict, supply problems can be looked
at over a number of time spans. In the very short to short term, price changes are
likely to exercise the major influence. These could be generated by arnthing from a
natural catastrophe to trade union activity or stock market neurosis although for
varicus reasons the development of cartels is judged unlikely. 1In the short to medium
term local conflicts or extreme industrial action are likely to exercise the greatest
influence. The problems of maintaining cobalt supplies from Shaba province, Zaire,

in 1978 and the prolonged strike at Sudbury in 1969 are examples. The most obvious
long term blockage would probably result from the actions of the USSR in South Africa.
In peace time the most likely problems would seem to be those caused on a local level
over a short to medium time span. These might involve: normal market fluctuations,
industrial action, civil unrest, local conflict or sabotage.

However, it must be stated that in attempting to construct any model which might be
applied to identify which raw materials can be considered strategic, the geopolitical
input is as yet more speculative and less sophisticated than for example the
geological (Fig 1))

The aerospace industry

According to a recent survey (5) the following Eurcpean NATO countries are concerned
with production in different areas of the industry:

(a) Multinational aircraft: Italy, Prance, the UK and West Germany;

{(b) Military aircraft: France, the UK, Italy, the Netherlands and West Germany,
{(c) RPYs and Drones: Belgium, the UK, France, Italy and West Germany,

(d) 3urface effect vehicles: France and the UK,

(e) Spacecraft: Prance, European Space Agency (ESA) and NATO;

(f) Research rockets: France and the UK;

(g) Missiles: France, the UK, Norway and Wes* Jermany;

(h) 0Gas turbine engines: Prance, the UK, Italy and West Germany,

(i) Rotary wing aircraft: France, the UK, Italy and West Germany.

Thus European NATO is well represented in all branches of development and research in
the aerospace industry although four countries are particularly dominant.

In investigating the raw materials considered strategic for the aerospace industry

‘Pig 2), the vast range of products must be bome in mind. Apart from this the machine
tools and a wide variety of other equipment required to construct them nuast be consid-
ered., Thus if the line of production is followed back, many other materials not
directly involved in the actual manufacture of aircraft could be designated strategic.
A further example of the variety of components involved can be given if the control
systems are considered. The operation of the engine and other vital units is often con-
trolled by computer and electronic systems. Thus the whole field of semi-conductors
becomes vital to the aercspace industry and this of course has its own strategic
requirements.

Raw materials

Problems with the collection and anlysis of world-wide data on the production and
reserves of raw materials together with the pattern of trade, have been well rehearsed
elsewhere. However the points particularly relevant to the materials under consideration
in the present study need to be stressed. Several strategics are produced through
comparatively small companies in Third World countries and there must always exist some
doudbt as to the reliabllity of production data. PFurthermore in any country where only
one or two firms are involved there is often a problem of confidentiality. This may
result in no figures being listed or a broad estimate being included. Then the
ma‘erials themselves may come in a variety of grades and beneficiated states, and
equating these causes probiems. Furthermore increasingly, recycled sources are coming
into play, frequently in countries not concerned with ore production, and assessment

of the n.fnicude of production particularly of new scrap, may again be conjectural.
This obtains particularly when beth 0ld and new scrap are concerned. As was shown
earlier, the scale of production has a very great bearing upon problems of
vulnerability and dependence.

with refard to reserves the definition itself depends upon the current technological
state within a specific country and upon the economios of world trade 'n that
particular material. It is therefore often a gross estimate based on a number of
assumptions, especially about the consistency of the ore dbearing body. Reserves, or
economic resources, are defined within the Institute of Qeological Sciences as those
aineral resources which are workable under present socio-economic conditions. With
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the development of offshore mining with its attendant law of the sea problems, and
;88ibly the exploitation of Antarctica, difficuities of estimating rescurces are
iikely to increase.

While the raw materials specified ‘chromjum, cobalt, hafnium, niobium, tantalum,
manganese, molybdenum, titanium, tungsten, vanadium, yttrium) have formed the basis

of the study, it has been possible to identify others which are considered strategic
within the industry. Even iron, one of the most commonly occurring of all elements,
could be considered strategic in that production tends to be concentrated in a few
areas and there is a tendency towards dependence on one or two countries for supplies.
However since there has never been any question of its being in short supply, iroen has
not teer included. Nickel, also abundant, is even more concentrated in its source of
surply and difficulties could be foreseen. Among the other metals identified as
important or potentially important are: beryllium, germanium, lithium and zirconium.

Ahile some of the metals, for example tungsten, are vital by themselves most are
important in the formation of alloys, The major alloys in the aerospace industry are
those based on aluminium, nickel, steel and titanium. In engine production nickel,
ateel and titanium are used respectively for the hot end, centre and the cold end.

wWhen combined with these basic metals, often in small quantities, the other strategics
cornfer a variety of properties on the alloy. The major necessities are resistance to
righ temperature, corrosion and wear. These strategics thus provide hardness,
strength, stiffness, oxidation resistance and a number of more specialised properties
such as stabilisation and grain size control. Within any one alloy there is

*herefore a very sophisticated and complex balance and this militates strongly agalnst
aubstitution over any but a medium time space. Normally for a key engine alloy, with
all the re-testirg required this might extend to five years, Certain of the strategics
are also used externally as coatings or sprays or in a way to confer certain properties
on the surface molecular layers. To try alternatives or reduce levels of a particular
metal thus requires acceptance trials. The leaner compositions might operate as
efficiently but this means long term evaluation. Furthermore since the length of
service expected is a vital element there will be an even greater time lag in adoption.
In the aerospace industry there i{s of course research and development to minimise

need for particular metals without sacrificing quality. However designs are produced
without the factors of mineral economics in mind. It is clearly vital to have
flexibility of design consistent with technology. Since the market price is likely

to fluctuate, it would be impossible to design for known economic circumstances. Such
rapid price changes have been seen over the recent past in the cases of cobalt, with
the Shaba praovince conflict, titanium with the Russian withdrawal from the market and
tantalum.

The aerospace industry thus uses low volumes of high quality and high price alloys.

The main consideration must always be the characteristics of the metals not their

costs or avallability. The thrust of development 1s to improve the maximum

power:weight ratio and to extract the optimum performance at minimum weight.

Furthermore the element of reliability is always pre-eminent and in the case of

military aerospace equipment, this might be described as ultra-reliability. As the

criticality of a particular alloy is related so closely to its usage, there must always

be major problems when substitution is contemplated. The properties of a potential

substitute may be compared with that of its rival and clearly the two can never be

entirely congruent. Thus difficulties may arise not in long term performance or

resistance in hot corrosive environments but in terms of simple engineering.

Furthermore the increased concentration on anothrr element may not only affect the ;
design but may make a change in strategic vulnerability. . 3

The question must be asked as to what is the true economic value. It may well be

that the cost of certain raw materials s very small compared with what 1s at stake,
particularly in military fields. With the development of technology, the requirements
for the corstruction of a particular piece of equipment will diminish as the buy:fly
ratio improves. Indeed with the use of powder alloys and pressure moulding the amount
of waste has decreased significantly. However overall the need for strategics is
likely to increase as a result of the broadening range of products and costs overall
will show an increase through price increases.

Thus substitution in so sophisticated an areas as the serospace industry is very
complex. As higher thrust is achieved, the environments in which the equipment has

to operate become increasingly hostile, the requirements become more specific and

the possibility of using alternative materials diminishes. At present for type testing,
engines require 150 hours' running time before being sealed and certified. Any changes
require a further type test to prove the new alloy. At & minimum this would take
several months, costing perhaps half a million pounds. Therefore before any change
could be seen in the conuu-ptgcn pattern, between four and five yeara might be required.
Complete changes could take up to ten years although obviously in times of war
standards would be changed and these time spans would have to be greatly reduced.

Purthermore, apart from the scientific and technological problems, substitution may
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be constrained by:
(a) difficulties such as inertia and investment provision :
within the industrial structure itself; B

(b) social factors ranging from employment provision
to pollution;

(¢) psychological problems particularly those concerned
with resistance to change.

Recycling also of course affects supply problems and can lead to diminished vulnerab-
ility. 1In the case of alloys containing only a very small percentage of the particular
metal there are obvious problems but the recovery industry is itself developing a new
range of techniques. Of particular interest is the recovery of germanium from flue
dust and other minerals such as vanadium may be recovered from pulverised ash., Since
the material requires little in the way of transport costs and {s already in a form
amenable to mineral extraction, far lower concentrations than those obtaining in ore
can be considered potentially viable.

£t g s e AL

Commercial aspects

£ b

In examining potential blockages and even the amount of any mineral in transit between
the mine and the aerospace industry, the various stages in the commercial pipeline need
to be taken into account (Fig 5). In most cases there is an elemental supplier who
imports the mineral and then despatchea it to the alloy manufacturer. From there it
goes for fabrication before finally apperring at a particular unit of the aerospace
industry. Thus there may be four or five stages in the cycle since it would normaliy
be considered prohibitively expensive for the manufacturer to deal directly with the
raw material supplier. However to guard against potential problems certain companies
in the amerospace industry have entered directly into long term contracts with the
suppliers. 7This has been the case with particularly vulnerable metals such as cobailt
and titanium. This development may:become more common as with economic recovery in the
West prices are bound to rise and there could be more industrial unrest. It must always
be remembered in this context that the smallest gap between supply and demand can lead
t0 a very large price rise.

The amount of a mineral in the pipeline, awaiting processing, etc. can be considered
part of the stockpile. With the current recession and cash flow problems, most
companies hold only minimal stocks but clearly a national stockpile under government
- co-ordination and control could alleviate at least short term stoppages in supply.
Government subsidised private stockpiles might also provide an answer, but there would
need to be clear guidlines about when the material could be used. Furthermore for any
stockpile the form and quality of the raw material is crucial. With reduced refining
capacity for certain metals it would be necessary to stockpile in beneficiated or even
semi-manufactured form. Since it is the practice for aerospace procurement to plan for
up to five years ahead, the stockpile requirements could be reas~nably assessed.
Information on EBuropean stockpiles is thin but it is known that France has fairly
substantial provision which will be worth some £400 million by 1985 while the UK has
spent §£40-45 million to stockpile cobalt, chromium, manganese and vanadium. Besides
Japan and South Korea, Spain, Sweden and Italy all operate stockpiles or are considering
them. (3) With regard to stockpile maintenance there is the crucial problem of
‘. deterioration since many minerals need to be stockpiled in a highly specific form. The
answer would be to store the material at one stage further back in the manufacturing
process, but this presupposes that there is plant available to effect the final
conversion. If such plant is not present and could not be economically established
for the amount of material used, there must be a dependen‘y upon a country possibly
totally different from the original source, FPor example, Japan processes a range of
materials such as silicon wafers and provides for them a major world repository.
. An important addition to any stockpile would be a data bank containing details of
i researched projects on such vital topics as substisution, conversion within the
= economy and recycling.
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L4 b When supplies are limited and particularly where the usage is highly specific,
Ay - investors may affect the commercial flow of the market. In general investment in
, strategic minerals is not s common way of building a portfolio but there are
k. several brokers specialising in the field (9) As yet there has been little if any
Ly experience of selling under incipient conflict conditions to manufacturers. A
. b strategics portfolio is of course a private stockpile and in the USA tax relief through
g the so-called 'Blue Sky' fund is planned. The recipient would agree to sell at a
particular price, thus removing the major potential blockage in the system and indeed
providlnt useful buffer stocks. However when problems of strategic mineral supply
) ’ are considered the activities of investors must be taken into account, although
g experience shows that price manipulstion may de successful in the very short term,
but in the longer term it has always failed.

| N Quoted market prices refer to only very specific forms of each raw material and
. acoordingly their use as a fuido to chang strategioc status has been coriticised.
Nonetheless there is generslily a relationship between them and the materials in what
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may be their more commonly used forms, Further, they are readlly obtainable and they
do encapsulate a range of factors, geological, political and economic. In this context
therefore it is interesting to note the peak price period during 1978-80 which affected
all the major strateglcs (Fig t). This of course coincided with the effective start
nf the resource war scarc, (10) The subsequent fall in prices has caused a temporary
luil in anxiety but has obviously provided a good time for astockpile purchases. As
westeprn economies recover investment interest can be expected in cobalt, chromfum,
molybdenum, niobium, tantalum and titanfum, Additionally and possibly of more
importance in the laong term strategic argument, hafnium and yttrium will come under
conslderatiog,

Strategic considerations

The following key polnts therefore emerge for detalled attertion and were investigated
through interviews and literature surveys:

(a) the major uses for the aerospace industry of each
raw material;

(b)) possible subatitution;

(¢) the geographlcal sources of each raw material, the scale
of production and the extent of reserves; (1l-16)

(d) the trading patterns leading to an assessment of
dependence by European NATO countries;

(e) the vulnerablility or major supply sources.
RAW MATERIALS
Chromium

Chromium is a critical component of many alloy steels and is irreplaceable at anything
approaching the same price, It is particularly vital in all heat-resistant stainless
steels and no suitable substitute exists for it in high pressure, high temperature,
corrosive environments. Furthermore in most of the alloys in which it is found,
chromium is the major metal occupying between roughly 208 and 2%%. Por corrosion res-
istance a level of below 125 results in markedly decreasing effectivness. With
developing technology its use in the chromising alumina treatment of the surface layers
of alloys, giving them a higher oxidisation resistance, is becoming increasingly
important. In the aerospace industry therefore chromium {s one of the major metals
used, particularly for the production of steel-and-nickel based alloys. PFor its other
uses in less exacting environments, substitutes may be found although frequently at
higher cost and lower performance.

Sources

while there would seem to be potential elsewhere, notably in Brazil, Sudan and China,
chromium in workable quantities has a comparatively limited distribution. Only eight
countries each produce more than 2%. Output is dominated by South Africa (32%) which
has shown a notable increase in proportion over the recent past and the USSR (27%).
Ottier important producers are Zimbabwe (68), Turkey (6%) and the Philippines (4%) all
of which have shown a general decline, and Albania (13%) which has shown an increasing
production. Within Europe only Albania, Turkey and Finland are of significance. Des-
pite the range of smaller sources, the dependence upon only one major producer

outside the CPEs represents long term vulnerability,

This dependence 1s seen to be even more acute when world reserves are considered. They
are virtually completely concentrated in southern Africa with South Africa (68%) and
Zimbabwe (30%). 1In fact the figure for South Africa is somewhat arbitrary since
reserves to a depth of 300 m are estimated at over 3,000,000,000 tonnes, & figure higher
than that quoted on most lists of world reserves. Furthermore South Africa has
consolidated its pre-eminent position through the development of first class

technology. The argon-oxygen-decarbonisatic.: process has been developed so that low
grade ores can be used to produce stainless steel at very competitive prices. Thus
wnile Zimbabwe has higher grade ore the thin seams and comparatively inefficient
production methoda render it increasingly less competitive.

Chromium increasingly enters world trade as ferro-chrome, which itself varies in degree
of beneficistion. However taking it as basically one commodity, it can be seen that
South Africa again plays a dominant role. In 1980 some 800,000 tonnes of ferro-chrome
were produced amounting to 60% of the ferro-chrome entering world trade and 305 of

total world production. South Africa in fact stockpiles in the form of ferro-chromium
since this is more immediately usadble and a number of varieties can be retained. The
recovery rate is about 9%.

At present the market for chromium is depressed and the supply of ferro-chrome
currently exceeds demand. However as research and development programmes bear fruit
and particularly governments implement stockpile programmes, the outlook could change.

---
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Indeed the United Statesa Bureau of Mines expects demand to increase from the 1978
vase at an annual rate of about 3.,2% up to 1990,

Eurcpean NATO Trade

Imports of chrome ore and concentrates into NATO Europe are dominated by South Africa
which accounts for about 50% and is by far the major supplier to all the mailn
importers. Other important sources are Turkey, Albania and Madagascar, while Finland
and Oreece provide supplies on a much smaller scale, and the USSR has varied consid-
erabtly in Importance over the recent past. The Netherlands and Germany are re-export
sources. Por ferro-chrome, Zimbabwe, South Africa and Sweden are all important,
cther sources being Turkey, Albania and Finland with Germany the major re-export
suprijier. The movement of unwrought and wrought chromium is very small and sources
are mainly within NATO Europe, although some supplles are received from the USA and
Gapan,
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“hus the vulnerablility of European NATO is all too evident with only one NATG country, . 1
Turkey, of any importance as a source of chromium. There is a very heavy dependence
:n southern Africa, particularly South Africa {tself while Albania as a CPE and
¥inland and even Jweden as neutral countrles couid pose problems of reliability.

ctravegic considerations

‘hromium illustrates a clear case of strateglc vulnerability with very heavy reliance
ipon one source outside the CPEs. Furthermore with suppliers and particularly South :
Africa beccming more involved in beneficlation, low priced ferro-chrome can be :
iroeduced, underpricing the industries of the consumer countrles. As a result, plants :
fvr example in the USA and Japan have been closed. Thus there is increasing reliance

«+40on South Africa which is supplyling at present some 45% (by metal content) of :
requirements and selling not only the raw material but also power and technological i
expertise. Moreover this is compounded by the fact that the consumers seem reluctant H
to diversify sources even within the limited range available. This undoubte-ly M
resuits from the reliability and quality of South African supplies. Also in the
ctvicus country for development, Zimbabwe, the future appears rather uncertain.

Jotalt

“sbalt has a wide ranging significance as it 1s increasingly used with nickel and
chromium alloys for parts of the air frame manufacture whlle being of specific

. importance in engine construction. It is alsc vital for the machine tools used to
preduce the various parts and also in a number of other aspects such as thrust rings
for propellers and engine bearinga. It is thus a high consumption metal the chief
4ses for which can be summarised as follows:

i
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(a) a solid solution strengthening agent in nickel based
alloys and some steels;

(b) a base for, in particular, wear-resistant alloys.

“or its strengthening properties there are alternatives such as nickel, although others
are much scarcer than cobalt {tself, For wear-resistance there are no satisfactory
substitutes. It would therefore be possible to build aero engines without cobalt

tut they would be more expensive in a number of ways. Following the world cobalt
shortage in 1978 the use of cobalt was reviewed in the aerospace industry and while

~he range of uses has Increased there is a trend towards a reduction of the metal in
alloys. Possible substitutes include alloys containing nickel, vanadium, chromium

and tungsten,

-

Jources

‘obalt is mostly recovered as a by-product of copper and nickel mining but world
production is highly localised. Total annual production is approximately 30 x 10°
tonnes, but there has been a decline recently. Only eight countries each produce more
than 1% of the total, and production {s dominated by Zaire (40%) and Zambia (9%).
Zaire's predominance has tended to decline recently but it is still obviously the

key source, The only European production is in Finland (4%). Of the CPEs, Cuba

and the U3SR produce about 6% each,

e

With regard to reserves, nine countries have over 1% of the total but again Zaire
(58.5%) and Zambia (121; are dominant. There are no reserves of this order in Europe,
Pinland having only 0.6%. There has been something of a glut on the market recently
and producer stocks may be as high as 20,000 tonnes. Furthermore recycling techniques
have been improved and it i{s possible that 12% of the market is in fact secondary
cobalt. Zaire has therefore been cutting production but Zambia, with a view to the
future, has commissioned a new plant at Kitwe which when its second phase is complete,
will virtually double Zambia's production capacity.

deabed nodules contain an estimated 225 million tonnes of cobalt or over seventy times
the current world reserve. However the necessary large scale investment for production
from these seems at least ten and more probably twenty years away.
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Uver the next year or two there would seem to be no difficulty with supplies of cobalt
but with the increasing interest in stockpiles and the long overdue re-equipment of
civil airlines, the picture couldl change rapidly.

European NATO Trade

Bearing in mind the poiitical problems in southern Africa and alsc the fact that a high
proeportion of lairian cobalt passes through Belgium, it is hardly surprising that
reliable Jata are hard to collect. Indeed there is a certain reticence in publishing
cobalt returns in national statistics. This A~:btless results partly from lack of
information but also from a desire for confidentiality and as a consequence, aspects
f the movement of cobait in world trade cannot be stated with certainty. The main,
indeed the on.y stated scurce of nre and concentrates listed for Europe is Morocco.
Sobait is traded most commoniy {n unwrought, ferro and waste forms while there is
asme movement f wrought metal. . he major sources are Zaire, Zambia, Norway and to a
much smalier extent, Finland. Jlecondary sources are Sweden, the USA and the United
Kingdom. This pattern emphas:. es again the very stirong dependence upon very few
primary sources, with laire, which supplies approximately 65% (by metal content)
compietely predeminant.

Jtrategic Jonsiderations

‘oralt is medium scale in production and at present the consumption is well below
profuction. However, it can te confidently predicted that the two will match again in
the near future at which tim- the activities of investors may prove important. However
‘e major source ¢f vulrerabi.ity is the dependence upon one key less developed country
witl something of a history of instability. Cobalt accounts for 15% of the value of
exports from laire but nnly 2% of those from Zambia, but such figures offer both
jr-ducers some scope for manipulation. The coincidence of very limited sources in a
re_poliitically unstable area means that the problems of cobalt supply are potentially
acute,

fHafniam

while hafriium is not used in the manufacture of air frames, it is quite important in the
production of special alloys for jet engines since it control grain size in casting
alinys ard can confer ductility. It therefore governs the structure of parts which are
Joler severe stress. However it is in the densifying of castings that hafnium is
probatly unique. As a result, for example, it promotes high creep strength and
tnerefore lengthens the life of blades. The amount used is very small but there are

ne Long term alternatives,

Jources

Hafnium production comes almost entirely from the mineral zirconium which usually
contains about 1% of hafnium. It is recovered as a by-product in the production of
nafnium~free nuclear grade zirconium-based alloys. It is therefore available at
reasonable cost while the demand for reactor grade zirconium lasts. Statistics for
world primary hafnium production are not available but the main source is concentrates
from beach sands in the USA, Australia and India. South Africa also has extensive but
lower grade beach deposits. There is no adequate source of zirconium in Europe. The
scale of production is very small and the number of companies involved very limited.
Therefore statistics tend to be confidential. Hafnium is produced as sponge and
crystal bar, the USA producing 45 tonnes annually of the latter.

World reserves, judging by the distribution of zirconium, exceed 500,000 tonnes. Thus
it can be concluded that potential hafnium supplies far exceed current demand.

Since there are no substitutes for hafnium in its major applications, prospects for
hafnium look sound so long as the zirconium market remains healthy. At present
recycling is insignificant.

European NATO Trade

Owing to its mode of production hafnium is only quoted in the trade statistics in its
unwrought form. Furthermore few countries include it within their statistics. Imports
irito Europe are virtually all recorded as from the USA although it is known that some
supplies come from Australia.

Strategic considerations

Since hafnium is unique and also produced on a very small scale there is some obvious
vulnerability. Despite the variety of sources, dependence upon the USA could also
present problems, not only with regard to maintaining the ‘'Atlantic Bridge' dut also
if American demand should rise. FPurthermore it seems likely that investors will
increasingly take an interest in hafnium.
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Manganesc

Manganese {s an essential ingredient for all alloy steels 91% of it being used in the
metallurgical industry. 1JIts properties are to strengthen the steel in its own right

and to desulphurise it. Nickel would provide some substitute but is expensive, while
effective desulphurising agents are available but are themselves scarce,

Sources

Production at about 28 x 10° tonnes is very much greater than that of all the other
strategics conaidered. It is dominated by the USSR (39%) and South Africa (22%) but
six other countries each produce more than 1% of the world total. Included among
them are: Brazil (8.5%), Australia (7.5%), Gabon (7%), India (7%) and China (6%).
Altogether some 45% of production 1s within CEPs. Thus although there is rather
wider cholice of source, the pattern is not unlike that of chromium, with heavy
dependence upon South Africa. There 1s no manganese production in Europe.

With regard to land based reserves the position of South Africa (53%) ls even more
dominsnt. The USSR possesses about 26%, Australla 9%, Gabon 5.5%, Brazil 3% and
India 1.%%. Thus if CPEs are excluded South Africa possesses almost 75% of the

world reserves. However reserves of seabed nodules are estimated at 2 x 10'° tonnes,
and whern these become available the plcture will alter very considerably.

Since conditions are so closely related to those of the iron and steel industry, the
market has beern depressed recently., The production of ferro-manganese has also been
at a level well below capacity and this has posed a number of problems. Basically
ferrc-manganese production is still considered of sufficlent strategic importance
for major investment even though the market is presently adverse. Therefore the
question arises as to whether to maintain a strategic industry in an increasingly
uncompetitive environment. As the steel {ndustry recovers, so the tendency for all
producing countries to beneficiate is almoat certain also to increase. This will
clearly affect alloy producing companies in the consumer countries and lead to even
greater dependence upon the producers. In this of course the trend is for manganese
to parallel chromium. As the capacity to smelt ferro-manganese declines so
countries become more vulnerable to supply interruptions and less capable of
processing ores held in a stockpile. Figures for recovery rates are not available.

Eurcpean NATC Trade

Of all the strategic minerals under consideration the trade figures for manganese are
much the most difficult to interpret. Manganese as ore, by far the most significant
gquantity, and in its ferro form is listed under a range of different grades. Fcr

ore and concentrates South Africa is by far the most important source for all the
countries of NATC Europe apart from Prance, supplying 50% of imports. Next in order
of significance ar<: Gabon (20%), Brazil (11%) and Australia while supplies are also
obtained from Congo, Ghana and Morocco. The main scurces for re-export are Belgium
and Germany. Ash and waste are re-exported within Europe, but primary producers
significant in the ferro-manganese trade, are South Africa, the USSR and Brazil.
However re-export within Europe is more important and the leading countries are: ]
Norway, Spain and Sweden. Manganese unwrought and wrought occuples a comparatively

modest position in the trade statistics, the leading primary producer being by far

South Africa. Thus South Africa dominates the manganesec trade, supplying over

408 (by metal content). However the contribution of easily the leading secondary

supplier, Norway, must be added since South Africa is {ts primary source, and the 9 2
figure then exceeds 52%. Gabon provides approximately 15% (by metal content).

S Vo

Strategic considerations

|

The acale of production ia large and at present there is a surplus of manganese. }

wWhile there is a limited range of sources, it is the reliability and quality of product ; ot

which inclines the European countries towards South Africa. Gabon is a less developed :

country but manganese accounts for some 18% of the value of its exports. In the E}

slightly longer term the lack of beneficlation facilities could pose further problems,

but then other sources, such as Brazil, may supply relief. ?
|

Molybdenum

Approximately 80% of molybdenum is used in the iron and steel industry and the
production of super alloys. In the manufacture of air frames molybdenum is critical
for all low alloy steels and cannot be replaced. For engines it is used as an inter-
metallic compound and also with tungsten for spray coatings. Molybdenum is further
required for bearings and thrust rings. Within the aerospace industry molybdenum

is a comparatively high usage metal, the amount being possidly half that of cobalt.
The main properties are implanting strength, hardness and corrosion resistance to

steel. It is also important in nickel-based alloys. ~

' P
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Jources

Molybdenum is a relatively common element, recovered from the working of many porphyry
copper deprosits. As copper capacity is now far beyond requirements, molybdenum should
net be in short supply. However only five countries each produce more than 1% of the
world total which is about 100,000 tonnes. The USA (60%) {s completely dominant, the
cther major producers being Chile (14%), Canada (11%), USSR (9%) and China (2%). whije
the number of scurces is therefore limited the fact that almost 79% of the production
occcurs within developed countries, leasens vulnerability.

Worid reserves are rather more widely spread although the USA (%4%) and Chile (25%)
still predominate. Other countries with significant reserves are: USSR (7%), Canada
{t.5%). Peru (2.5%), China (2.5%), Iran (1.5%) and Mexico (1.9%). With regard to
vilneribility the pattern of reserves parallels that of production.

There was a sharp increase in demand and production in the late 13708 but by 1980 a
decline had set in. In fact the surge of 1979 is still being felt with new capacity
teing opened as late as 1981. While the main impiications for molybdenum are closely
tied to the steel industry and must wait for its recovery, conditions are favourable for
the development of n new range of high technology uses. In particular research into
high temperature steel has shown the benefits of including molybdenum. Therefore it

is r~ssible to forecast a modest increase in the market over the near future.

European NATO Trade

For ores and concentrates, much the most important trading form, the chief suppliers
are the USA and Canada followed by Chile. While there is some re-export from the
Netherlands, Germany and the United Kingdom. Ash and waste presents a most complex
picture since there is re-export between the NATO countries but there are also imports
from Austria, the USA and Niger. The ferro-molybdenum trade is dominated by Auatria
and Sweden although the main NATO countries apart from the United Kingdom are all
involved. Again with unwrought and wrought molybdenum several countries are concerned
but Austria and the USA are dominant., The molybdenum trade is very much dominated by
the USA which provides about 65% (by metal content), Canada (18%) and Chile (12%),
although the importance of non-NATO European countries particularly Austria and to a
lesser extent, Sweden, must be born in mind. Problems of supply would therefore be
concerned mainly with the 'Atlantic Bridge’.

Crrategic considerations

The scale of production is within the medium range and at present there is no shortfall.
There is a range of sources but the consumers tend to rely very heavily upon the UCA.
However should supplies be endangered Canada and Chile would seem to provide reasonable
alternatives, Prom the trade lists it would appear that most of the European NATO
countries retain sufficient beneficiation capacity.

Niotium (Columbium)

Niobium is important in the production of a range of steels, alloy steels and super
alloys. In the aerospace industry {t is used to stabilise stalnless steel for air
frames and also for welding. It is also used extensively in engine production for

minor alloying, stabilising stainless steel, precipitation hardening, in nickel-based
alloys and in wear coatings. There is also some interchange with titanium for corrosion
inhibition {n steel. The amount used is small but the properties are vital particularly
in nickel-based, steel and titanjum alloys.

-

Jources

Workable niobium sources are very highly concentrated and excluding the CPEa for which '
no figures are avaialble, there are only three countries each producing more than 1%
- of the world total, These are completely dominated by Brazil (87%) although Canada
P {11.5%) is also important. There are very small sources of niobium in Portugal and
Spain. Reserves display a similapr distribution with Brazii (70%) by far the most
important, followed by the US3R (15%) and Canada (2.5%). The statistics thus reveal
an extremely high degree of dependence on basically one source.

SRR R

Despite the general economic decline, the demand for niobium remains relatively strong
although increased stocks have accumulated. In fact during 1981 world niobium capacity
increased through developments in both Brazil and Canada. Recovery is inaignificant

at about 2%,

European NATA Trade

) For ore and concentrates niobium and tantalum are generally grouped together and this
, therefore rather obscures the pattern. The major suppliers of niodbium are Canada

' and Brazil. The USA {s predominant in other forms but the amounts are insignificant.
The statistics reveal that Canada still dominates the trade supplying over 30% (by
metal content) but more detailed investigation shows, at least for parts of the
serospace industry, total dependence upon Brazil.
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Strategic considerations

While the scale of production is medium and at present probably exceeds demand, there
is some roor for investors in the market. The major strategic problem occurs when the
range of sources is considered. Canada has only limited reserves and if not at
gresint, at least in the future, there will be very heavy reliance upon one mine in
razil.

Tantalum

In the aerospace industry tantalum 1as not used in air frames but in engines it is 3
emplcyed as an alloy strengthening element either by itself or with niobium. PFor this k
the amount is very small, a maximum of about 10%. Its major importance is as a .
strengthener in nickel-based ailoys but it has been used as pure tantalum in for 4
example the producticn of the RB211 heat shield. However even where it is important
the use of higher performance powders has allowed economies to be made.

"

Sources

Total world production is about 440 tonnes and has shown a decline since 1979. There
are five significant producers with Brazil (24.5%) and Canada (24%) the major sources.
“thers are Thailand (15.5%), Australia (12%), Nigeria (7%) and Mozambique (6%). If
production from tin slags is added the world total is virtually doubled, with the
greatest production being in Thailand, Malaysia, the USSR and to a lesser degree,

Zaire. Thus although production is very small and this in itself could lead to problems
should demand rise, the sources are widely spread. Furthermore there are very limited
supplies within Europe, in Portugal and Spain.
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Eight countries each have more than 1% of world reserves although dominant by far is
Zaire (4B8%). Australia has 17.5%. Nigeria 9.5%, Thailand 6%, the USSR 6%, Malaysia
4.5%, Brazil 4% and Canada 1%. Although the Third World predominates, reserves are
reasonably spread within the developed world and the CPEs,

and e Bt -

Owing to substitution the more economical use of the metal and the general economic
recessjon, demand for tantalum has fallen considerably. This contrasts sharply with
the supply gap evident in the recent past and alleviated largely by the development
of Australian sources. Recovery rates average ibout B8%.

it € 2, B

European NATC Trade

For ore and concentrates the main sources are Canada and Brazil, followed by Malaysia
(largely from tin slags) and Nigeria. Tantalum in other forms is important mainly

from the USA although one or two European countries do use Australia as a source, ;
While there is a strong dependence upon Canada the range of options is comparatively 3
large and does not appear to pose strategic problems. {

Strategic considerations

The potential difficulty lies in the acsle of production which is small. At present ;
there is insufficient demand even for this amount, but should the situation change, 3
prices could rise sharply and supply difficulties could result. The present range of ;
sources within the developed and less developed world militates againat problems of
concentration.

Titanium

The bulk of titanium ore, both jlmenite and rutile, is used for the production of
titanium dioxide, the major pignent in nearly all white paint. This accounts for i
approximately 92% of the ore. Of the remainder the bulk {s used for metal production H
and of this 60% is used for the aircraft and aerospace industries and a further 20%
for steel and other alloys.

Within the aerospace industry titanium is one of the major metals used and is
considered vital. It has a very high specific strength and specific stiffness and the
nodulus is between that of steel and aluminium alloys, It is used for precipitation
hardening in nickel-based alloys and for corrosive inhibition in stainless steel.
Because of its high strength it is a major component at the cold end of engines, for
example for fan discs, Typically the alloy used for fan blades contains 90% titanium,
6% aluminium and 4% vanadium. The major cre is rutile, i{lmenite being more for the
commercial side of the market.

Titanium is also being used for highly stressed components in missiles, rockets and
space capsules, as well as armour plating for airborne military equipment. Increas-
ingly titanium carbide is becoming important in the machine tool industry in providing
both coatings and complete tool tips. With such versatility, substitution for

titanium is likely to lead to a loss of efficiency. For example carbon fibre
composites may replace it, but they are very expensive. Furthermore a new aluminium
alloy containing lithium, copper and magnesium is under test. PFor corrosion

resistance there can be an interchange with niobium. However the range of applications
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for titanium is increasing all the time and it seems highly unlikely that it will
ever be leas vital for the aerospacre industry.

Joutces

Titanium is widely diatributed and i{n fact of the structural metals only aluminium,
iron and manganese are more abundant. The major problem is the process of extraction,
amelting and fabrication, all of which are expensive. Since titanjium is obtained from
ilmenite, rutile and slags and production is measured in sponge and pigments, the
interpretation of statistics is more complex than for the other strategics. World
production of ilmenite {a about 9,000,000 tonnes the jlominant producer being

Australia (28%). The other leading producers are: Norway (15.5%), Canada (15%), USA
(12%), USSR (9%), South Africa (7%), Malaysia (4%), India (3.5%) and Pinland(3%). Both
Canada and South Africa produce from slags. The world production of rutile is about
400,000 tonnes of which Auatralia produces about 708. The other maln producers are:
Jcuth Africa (11%), Sierra Leone (Sl) and Sri Lanka {4%). Thus witn rutile there is

a very heavy dependence upon Australia, and Europe has no production. Canada is the
dominant producer of siags fnllowed by South Africa. The production of titanium metal
is almost equally divided between the developed countries and the CPEs, with a world
total of just under 111,000 tonnes of sponge. Only five producers are listed: the
USSR (43%), USA (28.5%), Japan (26%), United Kingdom (2.5%)and China.

world resources of ilmenite are fairly widely spread but only eight countries each
possess more than 1% of the world total. These are: India (23%), Canada (22.5%),

Norway (18.%%), South Africa (15.5%), Australia {(B8%), USA (7.5%), USSR (2%) and

Finland (1.58). Rutile reserves are also widely distridbuted, althougph Brazil is
dominart with 78.5%., Other leading countries are: Australia (8%), South Africa

(4g), lealy (5.%%), Sierra Leone (2.5%), USSR (2%) and USA (1.5%). For rutile then
while there are supplies in Europe there is a heavy dependence upon one country, brazil.

Both the production and consumption of titanium sponge have continued to show increases
tut the markets for both ilmenite and rutile have continued to remain depressed,

jespite the fact that in 1981 the USSR became an inatant buyer. The increasing range

~f applications would seem to ensure the health of the metal market, and indeed titanium
is one of the few strategics in the production of which aerospace companies have
invested directly.

Eurcpean NATO Trade

Tables fur ore and concentrates contain {lmenite and titanium, the major sources being:
Australia, Norway, Canada and South Africs with more minor quantities from India,
Sierra Leone and Sri lLanka. In other forms of the raw material, the trade is very
smail. Ash and waste is imported from the USA, Canada and South Africa, while for the
ferro-alloy, Norway is the leading source. Titanium unwrought and wrought comes
principally from the USA and Japan although the USSR is also a supplier. The range of
scurces is therefore comparatively wide with Australia supplying about 368 (by metal
content ), Norway 34% and Canada 27f%. There could be difficulties with the maintenance
of the ‘Atlantic Bridge', the length of sealanes and the limited dependence upon the

USSR, However NATO Europe is clearly well placed with regard to beneficiation.

Strategic considerations

Although rutile is produced on a fairly modeat scale it is difficult to contemplate

problems of ore supply. Much more of a limitation is the production of sponge which is |
more sparsely distributed both in amount and geographically. All three key auppliers,
Japan, the USA and the USSR could reduce exports as a result of rising home demand.
Furthermore Japan presents problems of distance and clearly under certain conditions
supplies from the USSR would not be expected,

Tungsten

Tungsten has a range of unique properties and is also largely resistant to corrosion, 3
imparting great hardness, strength and resistance to wear. Its main uses are in the i*
production of tungsten carbides and alloy steels. Tungsten carbides are vital in . :

the production of equipment requiring extreme wear reaistance but substitutes, in all
cases inferior, are generally avajilable for uses other than rock drilling. Similarly

for alloy steel there may be other possible replacements but none entirely satisfactory '
and no acceptable substitutes are currently available for the electrical uses. r

The aerospace industry is a medium user of tungsten, In air frame conatruction there are
no alternatives and for engines, tungsten is vital,by itself, with carbides for tooling
etc. and in wear applications. It is also used for wear, erosion and oxidisation
resistance when plasma-or-frlame sprayed. Tungsten is further used in bearings and thrust
rings. Overall its major use is in strengthening cast nickel - based alloys and with

the drift from wrought to cast alloys its importance will increase.
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Sources

Worlid production is about 51,500 tonnes and is very widely spread. The leading
producers are China (29%) and the USSR (18%). Other producers of note are: Australia
(6.5%), Bollvia (6.5%), Canada (6%), USA (5.5%), South Korea (5.5%), North Korea,
(4%), Thailand (3.5%), Portugal (3%), Austral (3%) and Turkey (2%;. Within W. Europe,
France, Fertugal, Spain and Austria all produce moderate amcunts of tungsten. With
such a wide spread of sources and, particularly with tungsten in Europe, lhere dces
rot seem to be a major problem of vulnerability.

World reserves are also widely spread although again China is dominant with %2.5%.
Uther countries with major reserves are: Canada (10.5%), USSR (8%), USA (4%), North
Korea (4%), Turkey (3%) and South Korea (3%). The pattern of reserves is therefore
similar to that of production except that China is relatively under-producing while
the USSR is over=-producing,

Tungsten has retained its demand despite the world-wide recession although there have
teen some culbacks. With a variety of new tungsten projects planned there would seem
tc be a more than adequate supply of the metal for the future. Furthermore recent
emphasis on foreign trade by China will greatly influence the amount available.
Recycling is also important with a recovery rate of about 23%.
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European NATC Trade

The major source of ore and concentrates is China, followed by Portugal, Bolivia and
Australia. There is little trade in other forms of tungsten, the main sources being
Austria and South Korea, with Sweden and the USA involved to a lesser extent. Thus
there is no distinct pattern of dependence although therr "s clear dominance by China
(about 10% by metal content) which is likely in future t ncrease. However a wide
range of European countries maintains the capacity to proauce ferro-tungsten even
though China is again important.

Strategic considerations

Although the tonnage required i{s comparatively amall, there must be disquiet about the
increasing dependence upon China. Given the pattern of world reserves, there would
seem, at least in themedium term, to be littie alternative.

Vanadium

Vanadium is chiefly important as an alloying agent in armoured steel and in the produc-
tion of titanium alloys. In the aerospace industry it is important as a toughener

in cobalt-vanadium tool steels and for this there are no alternatives. It is also vital
in providing strength at high temperature in steel and nickel-based alloys, Its
importance in the €:4 titanjum alloys (aluminium 6%: vanadium 4%) has already been
mentioned. The aerospace industry is thus a small user but vanadium is vital.

Sources

wWorld production is about 35,000 tonnes and is dominated by South Africa (33%) and to
a4 lesser extent, the USSR (29%) and the USA (13£). Other producers are China (11§%)
and Pinlang (8%)., Thus there is production in Europe but for the developed countries
there {s dependence upon South Africa. The pattern with regards to reserve reinforces
the pcsition of the two leading producers, South Africa having 49.5% and the USSR 46%.
in fact the on.y other country with more than 1% is Australia. However since vanadium
is generally recovered as a by-product or co-product reserves are not fully indicative
of available supplies. At present prices though, South Africa is clearly the dominant
source. Recovery rates are about B8%.

With an i{ncreased availability particularly as a result of Chinese intervention in the
market and the decline of world ateel production, the market has been rather depressed.
tinwever world consumption still rose and there are plans for development not only in
rina but alac in Venezuela and New Zealand. Therefore it can be concluded that while
the :a?ge of applications will probably increase the actual supply will remain
sufficient.
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Eurgpean NATO Trade
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Yanadium ore is of no significance as a raw material and therefore trade in ore and
concentrates is generally not listed except in the case of Belgium whi.. receives
supplies from Norway. With ash and residues the main source is given as secret but
others listed include Mozambique, China and South Africa. The sources of ferro-
varadium are principally Austria and Noway while vanadium, unwrought and wrought, is
imported on a comparatively small scale from Japan, South Africa and the USA. However
vanadium imports in chemical form are particularly important and are dominated by
Pinland and South Africa, followed by Austria. Despite European supplies therefore
there is a clear dependence upon South Africa, which supplies approximately 27% (by
metal content).
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Gtrategic considerations

Despite being a commonly occurring mineral the inatalled capacity for extraction is
important ana this leads toc a marked dependence upon South Africa, With the South
African domination of world reserves, this position is likely to be reinforced in
the future,

Yttrium

The use of yttrium in the aerospace industry is extremely small and there seema to be

little concern about supplies, It is used with magnesium and is a constituent in

some blade alloys. It is a constituent of both nickel-based and coiralt-based super

alloys giving resistance to erosion and alsoc as a coating for turbo tlades in engines.

The other potential use within industry is in the production of lasert in which in

the form of yttrium-aluminium garnet, it can give very fast pulses of the order of a R
few pico-seconds,

Sgurces

Jtatistics for yttrium production are incomplete since those for the USA are withheld
for reasons of confidentiality and those for Canada are not available, However the
tctal is probably between 515 and 600 tonnes. The major producer is Australia
capproximately 30%) while India and Malaysia are also important,

With regard to reserves India is dominant with over 52%. Australia (15.5%), USA
(%), Brazil (¢.%%) and Canada (6%) are also significant.

As improved technology and research lead to increasing demands there seems little doubt
that these can be met., It is probable that the world's undiscovered resources are
iarge relative to any expected demand. At present recycling does not occur.

European NATC Trade

Ytirium appears separately in the trade statistics which show that Austria, Belgium and
Germany are sources for other parts of Europe, Presumably the yttrium originates mostly
in Australia with poasibly some import from Canada and the USA.

Strategic considerations

. These must revolve mainly around the small acale of production since the range of sources
is comparatively wide, Clearly, should demand rise and prices increase, investors could
well affect the market,

3. THE COUNTRIES OF EUROPEAN NATO

While elements of the aerospace industry are represented in all the countries of
European NATO except Iceland, the industries of West Germany, Italy and the UK are quite
clearly the most important. 3Since it has been assocliated in many European projects and
since it is all so closely integrated into NATO although not a member, France must also
be included.

For all the raw materials described, the countries of European NATO, with only minor
exceptions, are 30% import dependent, the figure varying from approximately 91%
(cobalt and tantalum) to 1008 (titanium). The only raw material for which this does
not obtain is tungsten, for which the dependence is 588 (UK 56%). In the case of five
materials, the dependence of Prance is rather lower than that of the other countries.
None of the major aerospace countries has deposits of strategic minerals on any scale.
In fact the only significant production is chromium (Turkey), clearly the most important,

- ilmenite (Norway) and tungsten (Turkey and Portugal).

-

An examination of the trading patterns reveals that three European neutral countries,
« Sweden, Pinland and Austria, exercise a significant influence. Firstly in a period of
increasing tension between West and East, their attitudes towards trading strategic
minerals with NATO must be considered. Purthermore although it is one stage removed,
there is still the basic dependence upon the original source of the mineral together
with the vulnerability resulting from reliance upon processing abroad. All three
ccuntries trade in a restricted range of strategic minerals but all are important in
the area of ferro materials.

Among the developed countries the major sources of strategic minerals for European
NATO are: USA, Canada and Australia. All three suffer to & certain extent from the
' problem of distance, the first two with difficulties of maintaining the 'Atlantic
‘ Bridge' and Australia with very long sealanes to be protected. Apart from this the
main difficulty with the maintenance of supplies from the USA could well be that the
; particular minerals are required for internal consumption. Developing countries,
at different states of development, but important for the supply of strategics present
i rather different problems. Since many are highly dependent upon the export of raw
T materials for their economic wellbeing and since in any case this may be controlled

.- T = — - Bt TRl ) - T L s




by multinational corporations, there appears to be little coincidence between political
and economic instability. In general, supplies do not appear to be disrupted by
pclitical change, a point shown vivid y recently by continuing supplies of chromium
from limbabwe. However in each there are possibilities of supply disrupti.n through

civil unrest, sabotage, local conflict, government expropriation and posaibly the
activities of Soviet surrogates.

In many ways for European NATO the moat important country, neither developed nor
developing, is South Africa. Apart from the various threats to its stability, partic~
u.arly in the medium to long term, South Africa also poses a basic moral dilemma. For
chromium and manganese and to a lesaser extent vanadium and titanium, 3outh Africa is a
malor producer and also possesses great potential for further deveiopment. Despite
the current depressed state of the market there is great underlying strength resuiting
from:

(a) the enormous scale of reservern,
(b} the highly developed infrastructure;
) the abundant powers of beneficiation,
(d) the political and commercial stabi.ity,; and avove all
() the technoivgical expertise,

Furthermore through its infrastructure South Africa controia most of the mineral exgpor's
from the developing countries of saouthrn Africa

“. STRATEGIC CONCLUSIONS

The term 'strategic' when applied to a raw material implies a range of factors,
geological, econnomic and political. Some of these can be quantified others are largeiy
cenjectural. Therefore to attempt a weighting 1s a particularly complex problem, and
forcasts far into the future extremely hazardous.

(i) Raw materials

(1) Most at risk through the potential instability of sources are cobalt,
chromium and manganese. In the longer term, offshore mining could
alleviate the problem for cobalt and mangarese,

(/5 Most at risk through the concentration of sources are the above with
the addition of, particuilarly, niotium. There could alsu be short
term problems with nickel.

(1) Mos*® at risk through reliance uporn a CFE produer is tungsten,

(w) M.zt at risk *hrough the smali scale of production is hafnium.

(*) Most at risk through the redqucticn or lack or instalied extraction or
tenefjcjiation plant are vanadium and titarnium. Increasingly chromium
and manganese {n particular could also be affected.

(6 Most at risik overall are chromium, niotium and cobalt

‘) European NATO countries (Fig 7)

(1) All ere, with very minor exceptions, highly import dependent, with
Frarce rathier less so than the others,

(2) There is a high degree of dependence upon southern Africa and in
particular South Africa.

(%) There is a marked secondary dependence particularly or neutral
European countries.

(4) There is a tendency to rely on a restricted range of sources. The
neutral countries and Japan show that this may be rather less
necessary than is commonly supposed.

(5) There is little dependence on Warsaw Pact sources.
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Fig. 4 POLITICAL VULNERABILITY
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MEASURES POR MATERIALS CONSERVATION
IN AERO-ENGINE CONSTRUCTION

by
H. Huff, R, Grdter and R. Frdhling

MTU Motoren- und Turbinen-Unlon Minchen GmbH
Post fach S0 06 40
D-8000 Minchen 50, Germany
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SUMMARY

Based on the following requirements
- Minimization of critical raw materials input
- Production of as little scrap (machining wastes, parts out of service) as possible

concepts for reducing the use of materials and the associated dependence upon
rav materials imports are explained.

With reference to aero-engine components, the following possibilities are shown
as exsmples:

1) Combination of very different materiala by means of modern joining techniques.
Components "built up®" in this way contain expensive materials only where they
are indispensable.

2) Approximation of the blank contour to the final contour of the component (thus
reducing machining losses) by contour-forging, flow-turning and powder aetallurgy.

3) Making run parts reusable.

It is shown that a considerable economy of materials is obtainable and has partly
been achieved already. Attention {s drawn to problems which may follow from the
application; e.g. material deposition or joining of dissimilar materials results
in 8 tendency to render the recycling of such engine components more difficult.

1NTRODUCT LON

To the asrospace industry the need to economize and preserve critical metals is
very real. This involves metals (or the raw materials going into them) that are
indispensable in the manufacture of aerospace equipment but the availability of
which (at reasonable costs) is latently threatened as a result of economical or
political uncertainties (high cost of exploitation, regional concentration in poten-
tial trouble spots, highly energy consumptive production). The critical metals

used in setro engines are principally cobalt, chromium, nickel, titanjum, tungsten
and tantalum. While these rav materials may well have been in sutficient supply
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these past few years, with prices running relatively stable, long-term predictions
are never safe (as witnessed by the performance of cobalt between 1978 and 1980).

Irrespective of the actual market situation, reasons of cost make a reduction in
material investment an indispensable requirement. This applies {n particular to
aero-engine construction, where product material costs are high on account of the
expensive alloying elements.

" conservation of critical metals or their raw materials is generally sought in a
number of ways:

= Dby substitution, {.e., either by lowering the critical alloy content in existing
materials (leaning) or by developing alternative materials from cheaper raw
materials which are readily avajlable on a long-term basis -

«~- by the application of critical materials only where they are needed*
- by the application of near-net-shape manufacturing processes -
- “by taking measures designed to extend the life of components-

- by remelting scrap metal, accompanied by minimum possible downgrading.

Substitution and recycling are approaches in which the finishing industry (e.g.

the aero-engine manufacturers) can assist - being mostly dependent on the good
intentions and willingness to cooperate on the part of the saterial manufacturers.
Whereas measures for reducing critical materials input and extending life can normally
be planned and implemented by the finishing industry on its own.

‘ihe present paper discusses specific measures for reducing waate and for extending
life as applied to engine components. Some of the methods and techniques used toward
this end were evolved with other purposes in aind (e.g. light-weight construction).
It is nevertheless shown that appreciable savings in materiale or gains in life
can be achieved for engine parts and that the concepts employed can also readily
be transferred to other areas.

While the measures discussed below are representative of applications in engine
construction, they do not claim to be complete.

MEASURES POR MATERIALS COMSERVATION IN THE PINISHING INDUSTRY
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Use of critical materials only where they are indispensable

In view of the fact that many engine components come under loads that vary consider-

. b b s

ably over the cross-section of the part, this requirement results in "tailored”
components that may be composites of the most diverse materials ("multislloys®).
These developments are made possible by highly sdvanced joining techniques. This

is exemplified in Figs. 1 and 2. In either case the joint is made by electron beam
(EB) or friction welding. It is exactly these joining techniques which perait the
combination of the most dissimilar and sophisticated materials to produce these
tailored components (whereas high-temperature brazing, for example, would be il1-
sujted for such joints, owing to the attendant heat transfer). Without suitabdble
joining methods, the examples shown would be penalized by the added weight of screwed
connexions or - if they are made from the solid - by a material cost that would

be a multiple of that of the present solution.

- ool el B
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Maximum reduction of machining waste by using near-net-shape technology

R

Investment casting, being the oldest and probadly the most significant of near- M

net-shape manufacturing techniques, naturally finds wide use also in engine work. %
The limitations of the method are imposed not 80 much by its inability to meet
geometry and to'erance requirements, as by the inherently inferior mechanical properties
of the castings. To meet the exacting requirements of aero-engine service, drop-
forged alloys are the material most widely used. Considering the complex geometries

. encountered in engines, this entails relatively large losses of material in machin-
ing (about 50% to 90%), unless suitable manufacturing techniques for economizing
materials or for reducing the amount of waste are employed.

The potential savings offered by near-net-shape forging are illustrated by way i
of a rotor disk. Fig. 3 shows the forging in its normal shape, and Pig. 4 shows
it in its leaned contour. Por a nickel-base alloy disk, the relative weights would

be:
Al
. Normal version Leaned version
N Manufacturing stage Relative weight | Actual weight | Relative weight | Actual weight
) kg ) kg )
]
- -
ok Ingot 100 87.5 100 50.0 b
o Billet 80 70.3 80 9.8 |
rorging 1 61.7 63 31.4 i
o Pinished part 11 9.9 20 9.5

This example indicates a possible reduction in material loss for a disk of the
configuration shown of about fifty percent (from 78 kg for the normal version to
40.5 kg for the leaned version).

The method just described has its limitations where shapes grow difficult, or where
very widely-varying degrees of deformation are involved. These difficulties are
avoided by powder metallucgy, which will achieve the tinal contour without excessive




34

loss of material even for components of less amenadble shape. Pig. 6 illustrates
a shaft made by a powder-metallurgy process. Compared with the forging (Fig. S5)
it appreciably reduces the amount of material invested. The relative weights are:

Forging 100%
PM compact 608
Pinished part 78

This method finds its limitations - as regards near-net-shape applications - mainly
in the high cost of encapsulation. Pig. 7 shows qualitative relationships between
cost and net-shape nearness.

It is especially with very thin-walled, axisymmetric components that flow-turning
suggests itself for near-net-shape applications. Pig. 8 illustrates this by way

of a compressor shaft sleeve (the figure shows the finished part contour together
with the starting contour for flow-turning.) This extremely thin-walled tubular
shape was originally machined from a solid forging (Fig. 8a). Material losses ran
in the neighbourhood of 908. This loss can be greatly reduced by flow-turning.

The starting contour for flow-turning can be produced by machining either a bar
section (Fig. 8b) or more advantageously a near-net-shape (referred to the starting
contour for flow-turning) forging (Fig. 8c). Material investment would then be

in the following relation:

8a 1 8b 1 8c : finished part & 100 : 30 ; 15 1 8
This process finds its limitation chiefly in the geometry of the component with

. application restricted to axisymmetric and thin-walled parts with simple shapes
and smooth inner contours.

Making parte reusabdle

Measures for extending the life of components also will indirectly save substantial
smounts of material. Conaidering that in engine work the components involved are :
generally expensive finished parts, every effort is taken in this area. ; §

Distinction is made here between components whose life is spent as a result of
fatique or creep, and components made unserviceable by changes in dimensions (as

. . as regards material conservation.

a result of wear, fretting etc.) '
a > 3
v 7ig. 9 is a schematic arcangement illustrating the effect of regeneration on the b
lifetime of turbine blades. The hot isostatic pressing (HIP) process serves to
heal creep voids and other flaws in the microrange, making the affected co~~ -ent '
reusadble or giving it an additional life-span. This procedure is still in its infancy .

The practice of cestoring components suffering from wear (in its widest sense)
j . to their specified dimensions, on the other hand, is finding wide use. This is

. where electroplating and chemical depositing processes especially, as well as thermal _
! spraying methods, have proved their worth. The depoeited materials are selected :
' to meet specific requirements concerning properties such as thermal expansion and 2o

§, . wear resistance. With a view to possible recycling, however, it should be taken

e S — TR TS R T—
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into account that the deposited material ought to be compatible with the base material
also from the metallurgical aspect. For nickel and cobalt alloys as base materials
the deposit materials can be classified as follows:

Yo
.l
RSP CYEDRPIS ST e - = ]

Deposit materials the constituents Deposit materials the constituents
of which are contained in the of which are considered contami-
parent material nants in the parent material ;
i
k]
Ni NiP
Cr CoCrzol E
NiCr Ag i
NiAl Cu
NiCeAL wcco Q
NiAlMo NiCoCral,0y L
Mo -3
i

Material-depositing processes have their limitations, primarily posed by the geometry
of the components (e.g. acceasibility to the surfaces to be built up, deposition
thickness, etc.).

It is anticipated that processes still to come (such as low-pressure plasma spray
deposition) will be able to deposit materials similar to the substrate material,
to generally eliminate the problem of compatibility, i.e. the question of potential
contamination. Expectations are currently directed toward nickel- and cobalt-base

. alloys only.

&

CONCLUDING REMARKS

Some of the material conservation measures described may involve considerable down-
grading of scrap, loss of expensive alloying elements by dilution or costly separation
of such elements in final recycling (reasons: union of materials that are incompatible
with regard to recycling, carry-over of deleterious elements into the alloy). The
problems discussed here may generally be reduced to the following alternative:

Decision Consequence
(or approach)

v
3 A
¢ i
A) Use of "tailored” components Initially savings in material or increase {

§ of dissimilar wmaterials. in lifetime, but possibly forgoing chance to .

k. recycle materials at full value ;

Dissimilar material deposition.

————

B) Use of uniform-material Initially wider use of expensive materials, ’
components having expensive but possibly long-term chance to recycle
materiasls also where they are (genuine closed-loop cycle)

not necessary.
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with regard to universal long-term reduction of losses in the materials processing
cycle, alternative "B" without question takes preference and "multialloys” should

really not be permitted. However, for the aero-engine manufacturer and, almost cer-
tainly, for the metal-working industry in general, this does not represent a practi-
cable solution as long as the cost of the blank is ten and more times as great as

the value of scrap. Moreover, in many cases, repair procedures or lightness requirements
tell against alternative "B". :

Irrespective of such considerations, as well as from the costs point of view, the
manufacturer will endeavour to sell off scrap (from machining, rejects etc.) st
maximum possible prices. It cannot be absolutely excluded that unapproved scrap
{i.e. that which may be contaminated) passes into the heat. Thus, this involves
the risk of entichment by harmful elements during recycling.

Manufacturers, who combine dissimilar materials, in their own interest, must bear
in mind the compatibility question as early as the planning stage, short-term cost
considecations notwithstanding.

e
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TOWARDS A CYCLE WITHOUT LOSS: COBALT IN THE AIRCRAFT INDUSTRY

C. Votigt
Deutsche Forschungs- und Versuchsanstalt
fUr Luft- und Raumfahrt
Post fach 800320, D~7000 Stuttgart 80, Germany
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~The flow cycle of cobalt in products used in the aircraft industry has been investi-
gated. The manufacturing processes, uses and ultimate destinations of the materials con-
taining cobalt (superalloys, ultra-high strength steels, tool steels and special alloys)
have been quantitatively analyzed for the FRG. The ways in which cobalt is lost within
the material cycle have been determined. Cobalt recovery rates for process scrap and ob-
solete scrap will be presented. It turns out that, ultimately, the dilution of cobalt in
tron to a degree that it 18 of no value any more {s the most important loss mechanism. A
prime counter-action is improved scrap separation at all steps of the material cycle. The
influence of no-scrap-technologies is discussed, H

1. INTRODUCTION

b

The demand for primary metals produced from ore results from the demand for replace-
ment of metals that have been lost and from the demand due to economic growth. Without
loss and economic growth there would bc¢ no dependence on foreign ore production and the
problems of strategic and critical elements would not exist. This demonstrates, in par-
ticuiar in a time of slow economic growth, the principal importance of a cycle with re-
duced or even zero loss.

There are, however, further advantages which make materials conservation desirable
even .{ there were no problems of availability. First, every piece of material which is
lost enters our natural environment, in many cases causing damage to nature. The health
risk of lead lost in gasoline shows that one has to avoid material losses in order to
preserve nature. Another consequence of materjials loss leading to deterioration of the
environment is the installation of new ore mines required for the production of material
that replaces the loss. Second, the production of metals is in general less energy-con-
suming if one starts from scrap instead from ore [1], reuse instead of disposal of scrap
contributes to the solution of the energy problem. Altogether, the reduction of material
losses will be an important element in the development of our society.

A ok RAERG e e ik

In this paper cobalt in metallurgical applications is taken as an example to investi-
gate the ways in which a metal is lost in the material cycle and tc propose measures how
this can be avoided. Particular reference is made to cobalt used in the aircraft industry,
i.e. for cobalt in high temperature materials, high-strength steel, hardmetal- and steel
tools, magnets. The data which will be presented have been obtained from published sta-
tistice and tnformations from the cobalt consuming industry in the Federal Republic of
Germany. Cobalt contained in imported semifinished products or alloys is not considered
as being consumed in the FRG and is thus not included. Although the data refer to the FRG ,
in 1981 it is believed that the conclusions are valid quite generally. 1 J

2. THE FLOW CYCLE OF COBALT

1981. The production of i1inished products starts with the raw material which is composed
of primary (granules, catnodes) and secondary metal (scrap). Scrap comprises scrap gene-
rated during production and scrap in the form of used parts and products (obsolete scrap).
About one half of the raw material is converted to finished products. Three quarters of
the cobalt contained in the production scrap is recovered, mostly as home scrap, i.e.
scrap recycled without leaving the plant where it has been generated. One quarter of the
production scrap is lost. As a rule, recovered scrap is used in the same area of appli-
cation from which it originates. Exceptions exist for superalloy and stellite scrap which
is used for steel melts.

; b3
Fig. 1 shows the flow cycle of cobalt in metallurgical applications in the FRG in 3 b
p ;
|
1

Cobalt recovered from obsolete scrap amounts to 1/4 of all cobalt contained in )
finished products. The recycling rate is very high (50-75 §) for steel tools and super- i
alloys, is lower for high-strength steel and hardmetals (10-30 8) and is zero for all
the other groups. Most of the cobalt recovered is returned to the production cycle with- ‘
in one year, as an exception cobalt in superalloys and high-strength steel is recycled
many years after the products have been put into service.

Pig. 2 shows the flow cycle of cobalt in high temperature materials (superalloys and high
temperature steel).

= PP
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FLOW CYCLE OF COBALT
Federal Republic of Germany 1981
Flow rates int / a

Pig. . Metallurgical uses, total Fig. 2. High temperature materials

3. COBALT USES '

According to the amount of cobalt contained in finished products the cobalt contai-
ning materials can be divided into three groups of approximately equal size (Fig. 3).

‘ Magnetic Meterial r

Cobalt containing magnetic materials are essentislly permanent magnets with Alnico-
magnets (28 § Co) being the most important gyroup. Magnets are produced with a high per-
centage of primary cobalt (80 8, Fig. ¢), the amount consumed is somewhat less than one .
third of all primary cobalt. \

Steels

High speed steel, hot work tool steel and high-strength steel are the biggest cobalt
¢ consumers, the cobalt content lies between 5 and 12 8. About one quarter of all primary
cobalt is used for steels, the perocentage (33 §) of primary cobalt at the raw material is
auch smaller than for magnets since large asounts of secondary raw materials are used.
from all groups steels consume the by far largest fraction of purchased scrap and are
therefore of great importance for the recovery of cobalt. Steels are the only group that .
uses scrap generated in other application areas. b

Toub

Alloys

; This group comprises alloys which are mostly iron-free and can contain up to 75 §
[ cobalt and in addition nickel, chromium, tungsten and solybdenum as essential elements.
| Wear resisting alloys (stellites), superalloys, high-tempsrature steels and hardmetals

: are the biggest consumers of primary ocobalt. Somewhat less than 30 § of all primary co-
balt is required for the production, the percentage of primery ococbalt in the raw material
is in the average 66 §.
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4. LOSS OF COBALT DURING PRODUCTION

buring production, i.e. the conversion of raw materials to finished products, 227 t
of Co are lost [one quarter of all cobalt imported). There are two main loss mechanisms
- with about equal magnitude. The first group comprises losses which are due to the

Mixing and Contemination of Solid Production Scrap.

A typical example is scrap in the form of turnings and chips generated when super-
alloy parts are machined. A direct reuse as a constituent of a superalloy melt requires
an absolutely clean scrap handling due to the stringent specifications of superalloys.
Any mixing with other scrap and any contamination with other metals has to be avoided.
These requirements are difficult to achieve, as a consequence most of this scrap can only

Co-content FRG 1981
600
s ta 41— Purchased Scrap
; Row
- . Material

—— Home Scrap

Primary Metal

— gy T T

Magnets Sleels Alloys

Pig. 4. Origin and amount of cobalt in the raw material and
in finished products. Federal Republic of Germany 1981.




be used for the production of less valuable, less complex alloys or steels, i.e. the
scrap is downgraded. However, even if scrap is handled as desired, prescnt regulations
for aircraft engine manufacture in Germany do hot allow utilization of this material. A
revision of these regulations towards a limited reuse of clean scrap in aircraft appli-
cations is in progress.

Although downgrading by itself does not mean that material is lost, loss of cobalt
occurs, because it is very often an unwanted element in the melt charge in which it shall
be used. By adding nickel or iron, cobalt is in such cases intentionally diluted to an
extent that it is of no value anymore. Cobalt is a relatively ineffective alloying ele-
ment in steels, compared for instance to nickel (the resp. consumptions in the FRG are
300 and 40 000 t/a), so the pressure to dilute cobalt is appreciable. The exact amount
of Co lost through downgrading of superalloy production scrap is not known, it could be
as high as 15 8 of all primary cobalt needed for superalloy melts.

A similar situation exists in the steel industry. Mixed steel scrap with a cobalt
content of only 3 & is generated in sizable amounts in the tool industry. A large
fraction (~ 90 t/a) of this cobalt is lost by intentional dilution in iron.

Although it might be p.ssible to improve the techniques for scrap cleaning and for
sorting of mixed scrap into different fractions it appears to be much better to avoid
mixing and contamination of scrap in the first place. A possibility would be to design
machine tools with automatic separation of scrap according to composition. At some places
, 13duction scrap is collected and classified by hand, this method is however expensive
and does in the case of superalloys not always result in a high enough scrap quality.
Consultations are underway in the FRG how an automatic scrap separation could be realized.

lost Scrap

wWhereas improvements in the recycling of cobalt contained in solid scrap appear to
be technically and also economically feasible, it will be more difficult to reduce the
other cobalt losses occuring during production. This group is called “Lost Scrap"®, typi-
cal examples are:

- Scale, dust and sludge collected without any classification so that cobalt
is lost by intentional or unintentional dilution. As an example, all cobalt
is lost which is contained in grinding and sawing dust generated in the pro-
cess of investment casting of superalloys.

- Heavily contaminated production scrap which cannot be used anymore and which
is therefore disposed of.

- Material lost in recycling processes.

Lost scrap is difficult to avoid. It is of particular disadvantage that it is often
generated in small amounts so that one is easily inclined to pay not attention to it. The i
main burden to reduce these losses will rest on operating and organizing measures. It
will be necessary to further integrate production steps and to change production pro-
cesses in such a way that the scrap generated can easily be used again.

-

No-s« rap-technclogles

In principal, the most simple way to reduce losses of cobalt contained in production
scrap is to generate little or no scrap at all. Well known no-scrap-techniques are powder
metallurgy, continuous casting, forging and, as & special example, twist rolling of
drills instead of machining.

hd Processes characterized by the removal of material start with an oversized metal
pilece which is worked to exact dimensions. The reverse procedure should in principal also
be possible: To start with an undersized piece and to reach the desired dimensions by
adding material thus avoiding the generation of scrap: deposition instead of removal.

Physical and chemical vapor deposition (PVD, CVD) and plasma-spraying ure today
successfully used for the manufacture of thin coatings. It should be rewarding to deve-
lop these processes towards the deposition of thick layers. Using plasma-spraying, tung-
sten layers of cm thickness have already been made.

g

Scrap is not generated if a product is made by applying a synthetic procedure, by

‘ putting parts together. Powder mstallurgy, vapor deposition lnd also the manufacture of

' compound structures layer by layer are synthetic pr of this kind will
be of great importance if a closed cycle technology shall bo o.elblxohod.

® The terms used in this paper are similar, but not always identical to those defined
in (2,3]).




5. LOSS OF COBALT DURING SERVICE AND AFTER USE

Wear

The example of wear demonstrates that in practice it will not be possible to estab-
iish an ideally lossless material cyle. For this reason one has to avoid wear processes
whereever possible. About one half of all cobalt wear losses occur for high speed steel
and hard metal tools, mostly in machining processes. No-scrap-technologies making the use
of drills and mills unnecessary would be very beneficial. If friction cannot be avoided
wear parts should be built from materials with practically unlimited supply: Mg, Fe, Al,
Ti, §i, C, N, O, H. These elements are not only plentiful, they are also not toxic (4],
this too makes an increased use desirable. About 13 8 of all primary cobalt imported is
needed to replace cobalt lost through wear.

Mixing of cobalt-containing and cobalt-free obsclete scrap

The by far largest cobalt losses occur when cobalt containing used products are
collected together with steel scrap leading to loss through dilution or when used pro-
ducts are disposed of as refuse. About 50 § of all imported primary cobalt is loat this
way (Fig. 5).

—
Alnico ]| VUltimate
‘ Destination
Other Magnets [ of Cobalt
High Speed Steel in Finished
Products
Other Steels
Superalloys )
FRG, 1981
Hardmetals ¥
Other Alloys
0 100 t/a 200
]  E—
Recovered Wear Lost
0% 16% 60%

Fig. 5. Ultimate destination of cobalt in finished products
Federal Revuolic of Germany 1981

As an example cobalt in high-strength steels is considered which are used for in-
stance for the manufacture of aircraft landing gear. After use these products are collec-
ted together with other alloy steel scrap. It can be assumed that dus to the in general
low effectiveness of cobalt in steels part of the cobalt is lost trough dilution in iron
when the scrap is remelted. This problem is enhanced by the lack of a suitable recycling
code on steel products which would facilitate the separation of obsolete scrap according
to composition.

Obsolete hot work tool scrap (e.g. in superplastic forming tools) is classified
according to the content of Cr, W, Mo, V and Ni, but not of Co, also in this case loss
through dilution could be reduced with the aid of a suitable recycling code.

The end use area with the largest cobalt loss is that of magnetic materials. Magnets
are nearly always part of a larger product, cannot be recovered separately because of the
tight connection to this product and are therefore recycled together with large amounts
of steel scrap. Practically all cobalt contained in magnets (25 § of all imported primary
cobalt) is lost through dilution in iron, this includes all magnets in electronic air-
craft equipment which have a ocobalt content of up to 50 8.
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The most important measure to reduce this loss is to design products differently as
it is done now: design for eventual recycling. Products should be designed in such a way
that after use they can be disassembled economically so that the parts obtained can be
brought back in the production cycle with full use of all elements. It will be important
to tnvent joining techniques allowing easy separation. Metal parts which cannot be sepa-
rated because otherwise the product would not fulfill its function should have a compo-
sition that the remelted alloy can be usad again (no copper in steel).

In the aircraft industry the possibility to recover cobalt from used products is
much better than in most other end use areas. The reason is that most of the cobalt is
contained in those parts of a jet engine which can easily be disassembled, i.e. design
for recycling is already realized. Modular design, introduced to facilitate maintenance
and repair, has been beneficial in achieving a high cobalt recovery rate.

Although standards of classifying and cleaning used engine parts are high, in the
FRG remelted used superalloys are not allowed to be used again for the manufacture of
)et engine parts. The main obstacle is to secure that remelted alloys are free of impuri-
ties which can be introduced for instance through coating materials or parts oxidized
during service. Obsolete superalloy scrap is therefore downgraded whereby cobalt is lost
through dilution {f it is an unwanted element. The situation is nevertheless considerably
better than in other end use areas, e.g. automotive applications, where present recycling
methods lead to a complete loss of cobalt and other alloying elements such as nickel,
tungsten or chromium.

The amount of cobalt needed in the aircraft industry in other than superalloy parts
(magnets, tools, high-strength steels) is small. Since, however, the recovery rates are
often not as high as for superalloys, cobalt losses cannot be neglected. It will be neces-
sary to introduce design for recycling also in these areas.

6. CONCLUSIONS

Cobalt is lost in various ways and in all application areas, correspondingly a varie-
ty of counteracting measures will have to be applied. Nevertheless, two losses can be
identified which are of particular importance because of their magnitude: The cobalt loss
in used magnets and the loss through dilution in steel production scrap. Strong efforts
to increase cobalt recycling in these fields is recommended. Improvements should be par-
ticularly easy in the case of steel scrap, whereas reclaiming cobalt from magnets will
take & longer time to achieve.

In the aircraft industry cobalt is lost not only in those materials considered typi-
cal for this industry, i.e. high strength steels and superalloys. Cobalt contained in
tools and magnets is also lost. It will be necessary to reduce losses in all these areas,
and this will occur only in small steps. These ef{forts will not only be beneficial for
cobalt, they will result in the saving of other alloying elements as well.

Looking at the loss mechanisms in a fundamental way one recognizes that most of the
cobalt is lost because it is diluted in other materials such as iron or nickel. This
applies to scrap generated during production as well as to obsolete scrap. Simple dis-
carding (throw away) is, contrary to common belief, only rarely the cause of cobalt
losses. Knowing the reason for cobalt losses one can specify the mesasures how they can
be avoided. r

Not to generate scrap is the most basic, principally most effective measure against
loss.

For the production this means the development of no-scrap-technologies, in particu-
lar the invention of additive processes for the manufacture of products (deposition in-
stead of removal). Growth, the process applied by Nature, can be looked at as a model,
it is an ideal no-scrap-tachnology. It appears that the aircraft industry presents a

. large field for the application of no-scrap-technologies.

Y,

i In the case of obsolete scrap the amounts of scrap generated can be reduced by
- long product life (coating, corrosion resistant materials)

= Repair instead of replacement
- Design for material saving

Because of the direct economic advantages which can be obtained with these measures
efforts in these fieids are actively persued in the aircraft industry.

‘ 1f sczap cannot be avoided, the next step is to avoid mixing of different scrap ma-
- terials in order to minimize the possibility of loss through dilution. Bcrap sorting is
‘ ' necessary at all steps of the material cycle. It could very likely most easily be achie~
| A ved in case of #0114 production scrap, one main reason that this is not always done
: is that people are unaware of the financial gain obtained through scrap sorting. Admitted-
ly, the gain is small when primery raw materials are cheap as it is the case right now.
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Collecting uncontaminated, unmixed obsolete scrap is more difficult. The most effec-
tive measure, desiqn for recycling, is practiced today only on a small scale. A complete
chanye or even reversal in design principles towards an attitude of thinking beyond the
point wherc a product is sold will be necessary and will certainly be unavoidable in the
long run.

In the aircraft industry downgrading of superalloy scrap can lead to loss of cobalt
thiough dilution. In Germany downgrading will be reduced when new regulations for reuse
of scrap will be introduced in the near future.

The last step to avoid cobalt losses comprises the recovery of cobalt from mixed
and contaminated scrap by metallurgical or other methods and the refining of scrap which
could otherwisce not be used and would have to be dumped. Many recycling activities are
presently concentrated in this field. These efforts together with those for scrap avoi-

dance and scrap sorting, can contribute significantly to ease supply problems of stra-
teqic elements.
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“The primary payoff in selection of wrought/
cast alloys containing stratepic elements {s per-
forrance, not cost. For example, in commercial
engines, the temperatures that parts are exposed
to have increased steadily in an effort to improve
specific fuel consumption. In militnr{ engines,
higher operating temperatures are usually governed
by efforts to improve thrust to weight rat%o.

This paper will review the trade-offs that
a designer must make in the selection of materials
for -g:clfic component applications. Emphasis
will placed on discussion of what options are
available in reducing the strategic material con-
tent of the cnginc system while still achieving
performance and cost objectives.

Introduction

The primary payoff in selection of wrought/cast alloys for gas turbine engines is per-
formance. In commercial engines the temperatures that parts experience have increased
steadily in an effort to improve specific fuel consumption. In military engines (fighters)
higher °P"‘ttT§ temperatures are also seen in the effort to improve thrust-to-weight rstios.
The critical strategic elements, cobalt, tantalum, columbium and chromium, are utilized
in the hot section superalloys of these engines. These superalloys are used in the forged,
cast and sheet forms. Highly loaded components such as turbine disks are typical of forged
lYpllcltlonl while cast applications are characterized by turbine airfoils such as rotor
blades and stator vanes. While subject to lower steady state loadings than disks, the air-
foils are subjected to higher thermal and vibratory loads as well as a more erosive and
corrosive environment. e significant {ncrease in temperature/strength capability of GE's
turbine blade alloys {s illustrated in Figure 1. Exhaust nozzle and combustor (to{lod sheet
metal) components are subject primarily to thermal, hoop and vibratory loads.

Considerations Involved

Apart from the foremost consideration of flight safety, there are many factors re-
lating to design selection for gas turbine engines. Obviously, these considerations
vary with the criticality of the comgonont being designed. acceptability of a
rateriasls chansc is therefore strongly dependent upon component loading environment,
crttlcalit{ and by the extent of the change. That is, if it is a chnnge from a cast
to a wrought alloy the change, while probably more costly, may be readily acceptable
because of the higher reliability of vrouiht material in certain applications. However,
a change from a wrought alloy to s cast alloy may imply lower dolig: capability and
therefore be more d{fflcult to justify and verify. In general, the desirability of
change is governed by the payoff. The payoff must be an initial cost benefit to the
system, resulting in a mission 1ife benefit directly applicable to reducing system
ownership cost, or a sought after systems performance rovemant. In any case, the
state of technology is such that reasonably accurate cost estimates of the proposed
changes effecting initial coste, ownmership cost or performance payoffs are determinable
to both manufacturers and users of gas turbine engines.

Beyond the cost benefit, the chances of developmental prograr success must be con-
sidered. In general, it fs true that high cost benefit is obtained only thxonsh taking
commensurate risks. It would be desirable if a large benefit could be realiged with
srmall risks. However, the nesr full maturity state-of-the-srt gas turbine engine
technology makes this opportunity rare. As op{ouod to cost benefit, the chance of de-
velopmental success is a more difficult criteria to assess. It must be remembered that
technology sdvocates may not always fully understand the total criteria for application
success associated with their advocacy. Tharefore, it is mendatory that design engineers
as well as materials and program senagers, understand the cost benefit and more importantly
the overall developmental risk .nnlrn 8. Once po-itive agreement is resched, a material
of high systems {n‘o!l will be developed and applied regardless of secondsry factors such
as development risk and strategic element content.

1)up gtatus review of NASA'. COSAM (Conservation of s:rntogle rospace Materials) Progrem" -
J.R. Stephens, Lewis Research Center, Cleveland, Ohio: Tech.Mamo 828352.




In gas turbine engines, very high durability is required for critical rotating com-
ponents such as trubine disks. Durability is also a major factor for less critica

parts such as turbine airfoils, although operating cost may be the reason for change.
Similarly, the reliability of components such as combustors is a major consideration in
terms of their durability and impact upon operating and maintenance costa. It should

be noted that in many cases engine durability specifications and/or warranties drive
engine producers toward using alloys of high strategic materials content. These require-
ments properly address the ownership cost issue and more than offset initial manufactur-
ing cost concerns due to higher raw material cost.

The third consideration is that of component weight and size. Component
weight in pas turbine engines is a major do-lfn consideration since a reduction in weight
results in reduced fuel consumption. It should be remembered that in gas turbine engines,
weight itself {s compounded by the weight of the structure required to mount the engline
and the satructural carry-through members needed to transmit these mount loads to ths main
aircraft structural system.

Typical examples of engine weight reduction achieved without effecting ongino dia-
meter or length are the substitution of composites for metals in engine front frames,
ducts and other areas where the low temperature composite materials now routinely avail-
able to engine designers is applicable to reliable flight safety systems. Other areas
where engine weight has been reduced without dramatic changes in size is the application
of titanium alloys to engine compressor sections. The higﬁ strength to u.i;ht ratio of
titanium alloys ﬂ.. resulted in significant weight changes in many of today's commercial
and military engines. From a design standpoint it should be noted that the high strength
of titanium, together with its other balanced set of materials properties, was instru-
mental in making the large bypass ratio fan engine a reality.

Considering powerplant size, the case for weight reduction through size reduction
at a constant thrust rating is often considered because this approach has a very large
impact on overall systems weight reduction. When applying materials of increased
specific strength to rotating components such as turbine disks and blades, the systems
weight is dramatically reduced because rotor rim loads are reduced and allowable tip
speeds are increased which then allows the diameter of the engine to be decressed
without loss of performance. This is particularly true when such alloys can be applied
throughout the rotating components or at least through nngor sections of the engine
such as the high pressure compressor or high pressure turbine rotors. Therefore, the
effect on engine weight reduction is magnified most through the application of high
strength materials in rotating engine components. These high strength materials also

> permit more work per stage through increased wheel speeds with fewer stages for the
same overall pressure ratio, resulting therefore in a shorter and lighter weight engine.
The drive toward the use of composite materials in engines and perhaps, more ntortnntl
toward the use of high strength materials such as thermomechanically worked turbine dis
alloys, becomes obvious when considering the escalating cost of fuel and the much needed
objective to reduce fuel burn in both military and commercial systems.

A fourth area for consideration, although not necessarily directly related to design
aspects, is that of raducing raw material input weight and of reclaiming expensive alloys
containing the critical elements. (The present and proposed high strength wrought and
cast alloys contain significent quantities of chromium and one or more of the other three
critical strategic elements: cobalt, columbium and tantalum). Reducing raw material
input weight is a2 key method to reduce cost and simultaneously conserve these strategic
elemants. An example of this i{s shown in Pliurc 2 where hot die forging of an Inconsel 718
disk will reduce the quantity of billet required b‘.ll such as 70%. Two strategic elements,
chromium and columbium, are therefore conserved. claiming expensive alloys, 1.e., the
superalloys (particularly those containing the strategic elements) and titanium alloys,
has become a major initiative of engine producers. Recycling these alloys into similar
products i{s ifmportant, because when superalloy scrap is sold for non-aerospace revert
purposes, its value is considerably reduced compared to its {ntrineic value (which can be

b more easily realized by recycling the alloy scrap into the same or similar alloy). There

have been many programs designed to more efficiently recycle gas turbine engine alloys
and to maintain thase ullozn within the aerospace 1nduotr{ by recycling scrap into products

v similar to those from which the alloy scrap originated. 1In the case of alloys containing
the strategic elements, it is not only imperative to reduce costs by recycling these alloys,
it {s also very llgorcant that they be recycled back to an serospace product and not lost
to their most critical national application.

~
’
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. to Ano:hc;tnnjor :ron of conn:dnrlt:on is t?:: o:ldo;lzn criteria. The design erta;rln
r gas turbine engine co-gonon s varies considersbly from component to component. -
viously, the design criteria for a cold section composite duct in the fan area of a large,
high bypass ratio engine are considerably different from that of a cast turbine blade in
the high pressure turbine section. The design criteris np:!tcablo only to metallic
structures, and more 1fically metallic structures which typically contain the strategic
R elements, will be considered in this rog::t. The principle structures containing the
. critical strategic elements in gas turd sngines are turbine disks and airfoils. Addi-
:{::;i :::o ::t:t:;fozzt;:t::;:rt.;l..‘a::1‘a :olooaznt;.lnch as :o-bgotorl. certain case
. . t, utilize less of the strategic slements in volume
consumed then high pressure turbine diske and airfoils. .
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Due to the flight safety criticality and, to a lesser degree, the extent of possible
secondary damage caused by failure, much time and effort has been placed upon an improved
understanding of turbine disk design criteria. Turbine disks are subjected to a wide
spectrum of mechanically and thermally induced stresses during any given mission. The
cumulative effect of these missions is to produce component degradation by several pos-
sible mechanisms, e.g.. yield growth, creep growth, fatipuc and environmental degradation.
Further, the manufacturing process {tself can have a major effect upon part life. To
determine disk life. or more importantly, minimum disk life to a degraded but unfailed
state, a complex set of interacting variables including design conf§ uration, mission
profiles, manufacturing sequence as well as alloy properties must, therefore, be properly
assessed. While it is unlikely that an improper analysis can result in a flight safety 4
Yroblen. a conservative design, however, csn result in decreased engine performance re-

ative to actual system capability.

o

An understanding of the above criterias suggests the obvious...when an alloy and
manufacturing process has been selected . .only a major systems benefit provides sufficient
incentive for change.

The disk alloy/process development cycle is shown schematically in Figure 3. There
are three important things to note: 1) th process takes several years, 2) it is very
expensive and, 2) the nI{oy development costs represent only a small fraction of this
total cost f

G

Figure & shows turbine disk raw materials cost relative to total cost. The major
point here is that raw material cost per se {s a small fraction of the component cost.

The overall conclusion is obvious...a rajor change in elemental material cost will
not drive the designer toward alternate materials selection unless the designer has an
established parallel alloy/process which he can readily adapt...genctQII{ an unlikely 7 |
event It should be noted, however, that the cobalt cost escalation of 19,8 did produce
this exact reaction, primarily because of the threatened unavailability of cobalt;
readily adsptable alloy changes (i.e., 13.5% cobalt Waspaloy to 0% cobalt Inconel 718)
were made by some enyine producers.

What forces the designers to risk a new alloy system? The need for new disk alloys
is established by mission requirements of performance or weight not achievable with any
available material. To develop needed properties, metallurgists will first consider
process alteration of current salloys. If this is found by an early judgment evaluation
of limited effort to be lmptncclcn{_ the metallurgist will then turn to alloy develop-
ment. The dovolognnnt process is directed toward nchLevinf the goals on a schedule

M consistent with the product i{mplementation needs with the lowest possible impact on
resultant component cost. It should be emphasized that the alloy development and reduc-
tion to a practice time frame can be significantly reduced (up to 507) in cases where an
urgency such as competitive need is forecast.

Turbine Airfoils

While not as critical as disks from a flight safety viewpoint, the reliability of
turbine airfoils {s strongly related to operational cost as turbine airfoil failure can
result in rather extensive secondary davage with resultant high engine removal and over-
haul cost.

o ag—

The design criteria for turbine airfoils necessitates a balance of environmental
resistance and mechanical Yrogcrtlcn. Chromium, cobalt and tantalum, strategic elements
utilized in turbine airfoil alloys, are important in achieving this balance. Reduction
of the cobalt content of airfoil (and disk lllog: has been the goal of recent studies;
the results to date indicate that the present cobalt content (usually 10-18%) could be
reduced, but not eliminated. This reduction though, would require extensive laboratory
evaluation and costly cntlnc verification testing. The designer is not sufficiently

- R motivated to consider this reduction without an offsetting technology benefit. Figure 3
depicts a typical turbine airfoil development plan and cost. Reducing cobalt content
from 157 to 57 in a one-pound airfoil by substituting nickel would save .1 pounds of
cobalt per airfoil. At a cost differential of $20 per pound, a cost n.vlnt. of about §2
per airfoil would then be realized...little incentive for risk implementation or a large
scale developmant effort in face of the component unknowns of coating compatibility,
thermal fatigue life, etc. Therefore, again as in the disk case, the designer uou{d be
motivated for change only when a significant and marketadble (needed) mission benefit can
be achieved. This trend is evident when one realizes that the most recent changes in
turbine airfoil technology are driven by alloy/process immovations such as directional
solidification of tailored turbine airfoil glloys. 1In this case, s significant and
desired technological benefit is gained. The introduction of directionally solidified
airfoils has essentially eliminated the development/modification of equiaxed turbine
airfoil alloys even though there has been concern for the crt:tc;l element content of
the widely used equiaxed alloys.

L o e v—‘—u
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Conclusions

1. Current superalloys require two or more of the strategic elements chromium, cobalt
tantalum and columbium and will continue to do so in the foreseeable future.

2. Readily adaptable lugernlloy system changes to conserve cobalt have already been
adopted during 1978-80.

3. Results from research-in-progress indicate that a significant amount of cobalt in
superalloys can be substituted for by non-strategic elements. Exploitation of
these results require costly and time consuming alloy optimization and engine
verification programs funded by both industry and government. These programs will
begin only when they are warranted by sufficient economic incentive and by s high
level of supply insecurity such as t sharp price rises and perceived supply
problems that occurred in 1978.

4. The development of advanced high performance alloy systems can and should be directed
toward strategic element conservation without 'eopardizing the risk of application

success.
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UNDERSTANDING THE ROLES OF THE STRATEGIC ELEMENT
COBALT IN NICKEL BASE SUPERALLOYS

Joseph R. Stephens and Robert L. Dreshfield
National Aeronautics and Space Administration

/ Lewis Research Center AD-P004 216

Cleveland, Onio 44135

JTno United States 1mports over 90 percent ¢f i1ts cobalt, chromium, tantalum and
columbium -- all key elements in nigh temperature nickel-base superalloys tor aircratt
qas turbine disks and airfoils. NASA, through joint government/industry/univecsity
teams, has undertaken a long-range research program (CUSAM - Conservation of Strategic
Aerospace Materials) aimed at reducing or eliminating these strategic elements by exam-
1ning tneir basic roles 1n superalloys and identifying viable substitutes. This paper
discusses research progress in understanding the effects of cobalt and some possibpie
substitutes on micrustructute, mechanical properties, anuy environmental resistance ot
turbine alloxg;

SUMMARY

INTRODUCTION

The United States is nhighly depenaent on foreign sources for many materials cequirea
for 1ts economic health. In the aerospace industry tne four metais, cobalt, chromium,
tantalus, and columbium have been 1dentified ag strategic materials. The Uniteu States
1mports in excess of 90 percent of each of these metais, and one cCountry CONtrois a4 ma)or
portion of the U.S. supply (ref. 1) for each metal, The National Materials and Minerals
Policy, Research, and Development Act of 1980 (ref. 2) has helped to focus attention on
this critical problem that faces not only the aerospace industry. but most other indus-
tries as well. Government agencies are responding to this Act by conuucting research,

noiaing public workshops and conferences, and coordinating efforts througn vacious
committees.

NASA Lewis Research Center has undertaken a long-range program in suppoct of the
aerospace industry aimed at reducing the need for strategic materials used in gas tur-
bine engines (rets. 3 to S). The ;rogram is called "COSAM - Conservation Of Strategic
Aerospace Materials.” This program has three general objectives; tney are

(1) To contribute basic scientific understanding to the turbine engine “"technoiogy
bank®™ s0 as to maintain our national security in possible times of constriction or
-~ interruption of our strategic material supply lines.

(2) To nelp reauce the dependence of United States military and civilian gas tur-
bine engines on disruptive worldawide supply/price fluctuations in regard to strategic
materials.

(3) To help minimize the acquisition costs as well as ovptimize pecformance of such
engines S0 as to contribute to the United States position of preeminence in world gas
turbine engine markets,

To achieve these objectives, the COSAM program .s developing the basic understanding
of the roles of strategic elements 1n today's nickel-base superalloys and will provide
the technology base upon wiich their use in future aircraft engine alloys/components can
be decreased. Technological thrusts in three ma)or acreas are underway to meet these
objectives. Tnese thrusts are strategic element substitution, advanced processing con-
cepts, and alternate material identification. Based on criticality of need, initiael

a - efforts are concentrated on the strategic elements cobalt (97 percent imported), curomium 0
« . (91 percent imported), tantalum (91 percent imported), and columbium (100 percent im-
? ported). Tnia paper will focus on the major thrust of strategic element subpstitution

and specifically on tne roles of cobalt in commercial, nickel-bsse superalloys.

The strategic nature of cobait in the U.8. arises not only because of the nigh im-
port dependence, but also pecause of the location of the ma)or sources, aire and lamoia
in southecrn Africa, as iilustrated in figure 1. The stability of the governments in
these two countries i1s of major concern (ref. 6), and it was the invasion of laicte in
1978 that led to the dramatic price increase and shoctage of cobalt in the U.8. in 197§
through 1980. As a cesult of tne price/supply situation for cobalt in 1978 tnrough 1980,
the United States has experienced a decline in cobalt usage (ref. 7). Figure 2 shows
that 20 million pounds of cobalt were consumaed in 1978, but by 1982 usage was down to an
estimeted 10.4 million pounds, a reduction of nearly S0 percent during the d-year period.
It should be pointed out that the stunted U.8. economy in 1981 and 1962 nas unaoubdtediy
contributed to this decline in cobalt usage. During this same period, the use of cobdalt
L0 produce superalloys, prisarily nickel-base alloys tor aircraft engines, increased
from ¢4 million pounds in 1978 to & peak of 7.2 million pounds in 1980 before it aeclined
to an estimeted 1.0 million pounds in 1982. 7The decline in U.8. aerospace consusption
of cobalt may be attributed in part to the economy, but concerted actions by the gas
turbine engine manufacturers to reduce cobalt usege through efforts such as substitution
and near net shape processing also have contributed to this downward trend.




o2

Superalloys still remain the ma)or user of cobalt within tne U.8. economy as snown
in tigure 3. Of the 10.4 million pounds of cobait consumed by the United States in
1982, 37 percent of i1t went for superalloy production used primarily for aircratt gas
turbine engines (ref. 1l). The dependence of gas turbine engines on the strategic mate-
rial cobalt as well as the other strategic materials is illustrated in figure 4. Thne
strategic metals cobalt, chromium, tantalum, and columbium are contained in superalloys,
stainless steels, and steels that are uned in engine manufacturing in such components as
compressors, combustors, and turbires. The need for these metals has increased as the
demands have grown tor higher durability plus higher performance, fuel efficient aic-
craft turbine engines. For example, the strategic metal input reguirement for an F100
turbofan engine is shown in figure 5 to be about 2500 pounds, Based on the essential
nature of these metals and in order for the U.S. aircraft industcy to maintain its com-
petitive position, supplies must be readily available at a reasonably stable cost or
conversely substitute material technology must be on the shelf which will allow engine
manufacturers to use alternative materials in the event of a strategic material cutoff
or price escalation such as occurred in 1976.

Because of the importance of cobalt to the aircraft engine industry several researcn
programs were initiated as part of the COSAM program to determine the roles of cobalt in
nickel-base superalloys which constitute the major use of cobait in U.85. aircraft
engines. A further objective of the programs was to jdentify leass strategic substitutes
for cobalt in a variety of nickel-base superalloys. Sucn researcn efforts could nave
long-term national benefits, and, in aadition, the methodology developed in these pro-
grams could serve as a model for future efforts involving other strategic eiements.

Three nickel-base -uperallo¥- were initially selected for the COSAM investigation on
cobailt. The three alloys are listed in Table 1 with their typical applications in the
aircraft engine industry, the forms in which they are used and remarks as to why they
were selected for the COSAM activity. Applications include turbine disks as well as
low- and high-pressure turbine blades. A variety of product forms are represented by
the applications of the three alloys as noted in the table, The sel:~tion of the alloys
was based primarily on the considerations given in this table. Waspuioy* was selected
because 1t represented the highest tonnage of cobalt in commercial aircraft engines.
Udimet*-700 was selected because it has a composition similar to many of the cobalt-
containing nickel-base superalloys, and it is used in the as-cast, as-wrought ingot,
as-wrought powder, and as-HIP powder metallurgy fabricated conditions. Thus, the compo-
sition versus processing study opportunities were great. The potential for determining
the i1mpact of cobalt on both conventionally cast and D.S. polycrystalline and single
crystal turbine blades waa the reason for selecting MAR-M*247. After initial evaluation

. of these three alloys, additional alloys Nimonic* 115 and Udimet 720 were addea to the
program to further illucidate the roles of cobalt in nickel-base superalloys.

The COSAM Program is constituted as a cooperative program involving NASA, universi-
ties and industry. Various research efforts are being conducted under the overall pro-
grammatic msanagement of the NASA Lewis Research Center. Some of this work is boxn?
conducted in-house at Lewis. There are also cooperative projects under way involving
Lewis with both industcy and universities to optimize the expertise at each organization
and to seek synergistic results from the combined efforts. This research cooperation 18
presented graphically in figure 6. Typical roles for each organization are shown.

These roles, of course, vary from project to project, For example, one project can
involve an industry contract of & university grant for the bulk of the effort with a
range of supporting contributions from the other partners. Another project may be con-
ducted mainly in-house at Lewis with & range of support from industry or a university.
Universities involved in the cobalt substitution program include Columbia University,
Purdue Univetrsity, and Case Western Reserve University. Industry involvement on this
program includes Special Metals Corporation, Battelle Columbus Laboratocies, and IIT
Research Institute.

i
!
)
- RESULTS |

M

. metallucgy

Central to the studies being performed under the COSAM Program are efforts to gain a
basic understanding of the alloying effects of cobalt in nickel-base superalioys. A sig-
nificant effort nas therefore been directed toward studying tne ysical metallucrgy of
low cobalt derivatives of several commercial nickei-base supersalloys. These stuules wiii AR S
be reviewed here with regard to the y ~ y' relationships and other microconstituents.

- y' Relationships. The effects of reducing cobalt content on liquidus, soli-
dus *ﬁl'*a-. prime sé!vu. teaperatures were determined for Udimet-700, Nimonic 11§,
Udimet 720, and RAR-M247 (refs. 8 to 11). The nominal alloy composition and y' con-
) tent of the alloys are listed in Table 2. As one aight expect in systems with 4-7 com-
N ponents, no universal trends were observed. In these alloy systems, it was observed
- that reducing vobelt incresased the y' solvus temperature typically about 3° C per atom
! percent of cobalt. Jacrett et al., (ref. 0), have rationalized this behavior with find-
-4 ings of Neslop (ref. 12) and Mauer, et al., (ref. 1)) in terms of a pseudo-dinary phase
; diegran based on Neslop's work. Their disgram shown in figure 7 shows that at low levels
of y' formers (Al + Ti), reducing cobalt lowers the y' solvus while at higher

*The trade nemes Waspaloy, Udimet, MAR-M, Men and Wimonic are for United Tecunologies
Corpocstion, Special Metals Cosporation, Martin Marietta Corporation, General
Blectric Compeny, and the 1nco family of companies, respectively.
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levels, typical of modern superalloys, the behavior reverses. A cross-over point occucs
at about 7 atomic percent Al + Ti, the composition of Waspaloy, where it is inferred
that the y' solvus temperature is independent of cobalt content.

Of interest for heat treating and working these alloys is the change in the solidus
temperature as a function of cobalt content. Por most compositions, reducing cobalt
content appeared to raise the solidus temperatures, the exception being the small (5 wt.
percent ) cobalt content in the Udimet-700 alloy series (ref. 14), and in a single crys-
tal derivative of MAR-M247 (ref. ll). The general trend however, is that while reducing
copalt increases the y' solvus and solidus temperatures in higner y' fraction alloys,
the difference between the y' solvus and solidus temperature decreases with removal of
cobalt from the alloys.

In the alloys Waspaloy, Udimet-700, single crystal MAR-M247 and Nimonic 115 nickel
substitution for cobalt had little effect on the amount of y' formed. This woulid have
been anticipated from the reportea (ref., 15) average y' partitioning ratio for cobalt
of 0.37 (1.0 being equal partitioning to y' and y). For MAR-M247, however, deCreas-
ing cobalt decreases the amount of y° (ref. 10). The i1ndependence of y' content
with cobalt level was previously reported (ref. 16) in the Russian litereature tor tne
cast alloy ZhSéK.

AS Oone might expect, because the lattice parameter for face-centered-cubic cobalt 1is
greater than nickel or NijAl, as nickel is substituted for cobalt the lattice parameter
for both y and y ' phases gond to decrease. The lattice parameter Oof y' in Waspsloy
increased as cobalt content was reduced (ref. 13). However,the amount of y-y' mismatch
tended to decrease for Waspaloy and increased for Udimet-700 with reducing cobalt con-
tent. It is thought that the effects on lattice parameter and mismatch result both
directly from cobalt and indirectly from the influence that cobalt has on the reiative
solublility of the other elements in the y and y' phases.

Cobalt has been shown to affect the solubility of other alloying elements in nickel-
base alloys by several investigators. Heslop (ref. 12) showed that 20 percent cobait
deccreases solubility for titanium and aluminum in nickel - 20 percent chromium alloys.
MOore recently in the COSAM Program, Jarrett et al. (ref. 8) and Nathal and Ebert (ref.
11) have shown that reducing cobalt also effects the relative solubilities of chromium
and nickel in y and y' in Udimet-700 and MAR-M247. Similar results have also been
reported by Maurer et al. (ref. 13) for Waspaloy.

Other microconstituents. The nickel-base superalloys normally contain significant
amounts of intentlonally added carbon and boron. Therefore in most compositions one
finds a variety of carbide phases and borides. PFurther, after long time exposure, aaai-
tional pnases such as sigma, mu or terminal solid solution of the body-centered-cubic
elements have been observed. The single crystal derivities of MAR-M247 studied in this
progras did not contain intentionally sdded carbon and boron - therefore their behavior
18 not included here.

Radavich and Engel (ref. 17) have reported that reducing cobalt in Udimet-700 nas
little effect on carbide mass, Dut causes the major carbide to change from TiC to
chromium rich M33Cg. The lattet carbide further changes from a fine grain boundary
morphology at lnzcrledlate cobalt levels to a massive morphology at 8.6 percent cobalt.
A small decrease in tne amount of M3B; was also observed with decreasing cobalt amounts.
After aging at 815° C for 1000 hours sigma phase was observed in compositions having 8.¢
percent or more cobalt.

Nathal (ref. 10) observed that for MAR-M247 the weight fraction of carbide increased
by 1 wt. percent ana the mocphology changed from discrete particles to & grain boundary
fi1ls as the cobalt was reduced from 10 percent to 0 percent. The carbides were identi-
fied a8 MC types. Exposure to 982° C for 1000 hours caused the formation of M,C needies,
but no sigma Or mu phases were observed at any cobalt level.

Observations by Radavicn and Engle (ref. 17) for Namonic 115 also snowed a shift in
carbide morphology with changing cobalt levels. At 10 percent cobalt the carbides are
randomly distributed particles, while at 5 and 0 percent cobalt grain boundary films ace
observed in the as-rolled condition. They suggest that reducing cobalt decreases the
solubility of the gamma for cacbon and boron. A similar effect of cobalt on carbon sol-
ubility has been reported for MERL 76 (ref, })8).

Mechanical Properties

Of prime interest in the COSAN Program is the assessment of how much cobalt might be
reduced from nickel-base superalloys, while still offering useful engineering alloys.
The tensile, stress rupture and low cycle tatigue properties of low cobalt alloys will
be discussed in this section. Readers are cautioned, however, the data were obtainea
from small heats and commercial sisze heats might result with differing properties.

1{2;**;_*;21!;{%§g. The room temperature tensile properties of cobalt moditied
Udimet- ¢iven elther a partial or tull y' solution treatment ace shown in figure 8
(zef. 8). The eslevated temperature strength of cobalt modified MAR-N247 (ref. 19) ace
shown in figurte 9. 1In all cases, it can be seen tnst cobalt nas only little influence
on the ultisate and yield strength of the alloys. BRarlier work (cef. 16) by Lashko

ot al., aleo showed that additions of 10 peccent cobalt changed the tensile and yiela
strength of ShB6K only sbout 10 percent.
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Stress-rupture life. The stress rupture behavior of Udimet-700 (ref. i4) was also
studie n two heat treatment conditions. One heat treatment, typical of thet which
might be given to materials intended for low temperature service, for example diskx appli-
cations, used a sub-solvus treatment, thus retaining a relatively fine grain size, Tne
other treataent intended to maximize high temperature properties as requiced for blaae
applications, used a full y' solution treatment. Tne stress rupture results ace sum-
matized i1n fagure 10. Por materials given partial y' solution treatments, (fig. 10(a))
Hatf's (ref, 20) results show that 0 percent cobalt and 17 percent cobalt alloys have
about the same rupture life, with a maximum occurring at about 4 1/4 percent cobalt.
Jarrett and Tien (ref. 1l4) however, show that the rupture life is independant of cobalt
between 8 1/2 percent cobalt and 17 percent cobalt, but below 8 1/2 percent cobalt the
stress rupture life decreases significantly. It can be seen that when the alloy is heat
treated to fully solution the y' (fig. 10(b)), that the stress rupture life at the low
stress inCreases linearly with cobalt reduction in Udimet-700. This has been attributed
by Jarrett et al., (ref. 8) to be due to formation of increasing amounts of fine y' in
the lower cobalt alloys. No explanation is offered for the behavior at the higher stress
of 689 MPa where the life is independent of cobalt level.

1t one examines the details of the heat treatments it is found that Harf used a
partial solution temperatue about 40° C below the y' solvus temperature for ail of nis
alloys. Jarrett et al., on the other hand, used a partial solution temperature about
40° C below the y' solvus between 8 1/2 and 17 percent cobalt, but used a constant
teaperature of 1129° C for the 0 to 8 1/2 percent cobalt alloys. That results in a
solution temperature which 18 increasingly below the solvus for the ailoys between 8 1/2
and 0 percent cobalt. At 40° C below the y' solvus the amount of y' changes about
1/4 percent (wt.) per degree C as the temperature changes (ref. 21). Tne y' solvus
inCreases at a rate of about 3° C per percent of cobalt removea. Thus One Wouid expect
that the 0 percent cobalt alloy studied by Jarcrett et al., would contain about 6 percent
less fine y' than the 8 1/2 percent cobalt alloy. In fact they teport 28.8 percent
fine y' in the 0 percent cobalt alloy compared to 34.2 percent for the 8 1/2 percent
cobalt alloy or 5.4 percent less fine y'., 1t seems that the loss in stress rupture
life, with reduced cobalt observed by Jarcrett et al., can be largely explained in terms
of the reduced fine y' available for strengthening.

Nathal et al., (ref. 19) reported decreased stress rupture life for reduced cobalt
polycrystalline MAR-M247. This is shown in figure li(a). They attributed the loss of
tupture life to both reduced y' amounts with decreasing cobalt levels and to the for-
mation of a grain boundary carbide film at 0 percent cobalt. In contrast, Nathal ana
Ebert (ref. 11) reported an increase in cupture life with decreasing cobalit in strippea
MAR-M247 single crystals as shown in figure ll(b). The absence of grain boundaries and
hence carbide film formation may contribute to the reversal in behavior.

Por the low y' volume fraction alloy, Waspaloy, Maurer, et al. (ref. 13), reported
decreasing stress rupture lives with decreasing cobalt levels. The slight decrease 1in
the amount of y' in the low cobalt alloys could not account for the loss of lupture
life observed. They attributed part of the rupture life degredation to both a change 1in
carbide partitioning at the grain boundaries and to increasing the stacking fault energy
of the matrix with reducing cobalt content. Law, et al. (ref. 18), usea similar reason-
ing to expiain the reduced creep-rupture behavior of 0 percent cobalt MERL 76 and AF.iiS
alloys,

Low cycle fatigue. Creep-fatigue tests were conducted on axially-loaded specimens
of Waspaloy at §!§a C and Udimet-700 at 760° C (refs. 22 and 23). Pour different types
of strain-controlled test cycles were performed on each composition of the reduced cobalt
ailoys. These cycles are listed below and the resultant stress-strain hysteresis loops

are illustrated in figure 12:

PP - High frequency, 0.5 Hz triangular wave form.

CP - Same as PP, except with a l-minute hold period at peak
tensile strain,

PC - Same as PP, except with a l-minute hold perfod at peak
compression strain.

CC - Same as PP, except with a l-minute hold period at both peak
tensile and compression strains.

Por direct comparison, the creep-fatigue test results were normalised by using a calcu-
lateo life for an axial inelastic strain zange of 0.0025 cm/cm, Wg.0025. The results

of this analysis ere shown in figure 13 for the two reduced cobalt content secies ot
alloys. Examination of the Waspaloy data suggests that reducing the cobalt content of
this alloy did not have an influence on fatigue life. The alloy with 0 percent covalt
exhibited fatigue lives equal to the standard 1)} rcent cobalt Waspaloy for most of the
creep-fatigue cycles. BExamination of the Udimet-700 data suggests tnat fatigue life is
independent of cobalt content for PP and CP cycles. In contrast, the CC and PC cyles
drasticelly reduced fatigue lives of the standsrd 17 percent cobalt Udimet-700 ailoy
while all the reduced cobalf content alloys exhibited longer lives for these two cCycies.
Based on these limited results, it is concluded that the reauction and/or reaoval of
coh:t:‘:;:a Waspaloy and Udimet-700 is not detrimental to their short-time, creep-fatigue
cesis .

m&”* Eé&ém, Bftects of reducing cobalt coatent in Udimet-700 on tnermal fa-
tigue ¢ wete determined by fluidised bed testing (zef. 24). Triplicate test

specimens of each alloy composition were heated by immersion in a hot bed for 3 minutes
followed by immediste transfer to & cooler bed for an immersion time of ) minutes, Tais

—— e el

")




6-5

CyCle was repeated until specimen failure occurred. Specimens were examined after each
500 cycles. Failure was taken as the average of the number of cycies at the last inspec-
tion without cracks and the number of cycles at the first inspection with a crack. In
this investigation, the fluidized hot bed temperature was increased at various incre-
ments to obtain cracking. A history of the test conditions is given in figure l4 for

the Udimet-700 test results. Thermal fatigue lives are plotted as averages of tne three
test bars for each composition. Udimet-700 was evaluated in both the bare and coated
(NICrAlY overlay) conditions. The thermal fatigue results shown in figure i4 1ndicate
that the best life (both bare and coated) was for the 8.6 percent cobalt content alloy.
Interestingly, for the 4.3 and 8.6 percent cobalt alloys, the coated thermal tatigue

l1fe was less than that achieved by the bare material. Based on these thermal fatigue
results, it appears that for both alloys the optimum cobalt content 18 about 8 percent,
or at levels substantially lower than the alloy specifications of 17 to 19 percent cooailt
for Udimet-700.

ENVIRONMENTAL RESISTANCE

Cyclic oxidation. The three nickel-base alloys, Waspaloy, Udimet-700, and MAR-M247
were tested in cycllic oxidation over the temperature range 760° to 1150° C for l-nour
exposure cycles for total times ranging from 100 to 1000 hours (ref. 25). Specimens were
weighed and the surface X-rayed periodically throughout the duration of the test. Typi-
cal specific weight change data at 1100° C are shown in figure 15 for the reduced cobalt
Udimet-700 and MAR-M247 alloys which represent the extremes in oxidation resistance,
Reduced cobalt Waaspalo, alloys exhibited oxidation behavior similar to the Udimet-700
alloys. Based upon specific weight change data, removing cobalt from Udimet-700 and
Waspaloy substantially improves oxidation resistance and slightly improves oxidation
resistance of MAR-M247. To compare the oxidation resistance of these ailoys over tne
entire temperature range an oxidation attack parameter K, was used. This was accom-
plished by fitting the weight change - time data to:

aw/h = k12072 (g )
1 2
where li/z represents an oxide growth constant and K, an oxide spalling constant.
K, 18 then defined as:
172
kK, " K, + 10 ’2 (2)

This Ky valve has been shown to correlate well with measured thickness changes (ref.
26). PFigure 16 summarizes the oxidation behavior for the three alloy systems. The
attack parameter is plotted on a log scale versus the reciprocal of avsolute teampera-
ture. Only the 13 percent and 0 percent cobalt alloy data are plotted for Waspaloy ana
the 17 percent and 0 percent cobalt alloy data are plotted for Udimet-700. Basea on
extensive testing history at RASA Lewis, K, values can be qualitatively ratea as shown
in the figure. “"Excellent® implies a low growth rate with minimal spalling wnile ®cata-
strophic® implies the test specimen is aimost totally oxidized and converted to maassive
spall. It should be noted that the higher temperatures represent substantially acceler-
ated testing compared to the normal use temperature of these alloys. At temperatures
above 900° C the 0 percent cobalt content alloys of Waspaloy and Udimet-700 are clearly
more oxidation resistant than their counterparts with the nominal 13 percent ana i7
percent cobalt alloys, respectively. Cobalt content does not appear to affect oxiaation
resistance of MAR-M247 although the reduced 5 percent cobalt level alloy was on tne
lower side (better oxidation resistance) of the data band shown in figure 16.

X-ray diffraction data suggest an explanation for the oxidation behavior of these re-
duced cobalt alloys. Pigure 17 schematically summacrizes this behavior. In the Waspalioy
and Udimet-700 alloys with Cr/Al ratios |1 (on an atomic basis), Cry03/chromite spinels
and N10 form. Pormation of NiO leads to excessive spalling ana catastrophic failure.

The presence of cobalt in the alloy accelerates this oxide breakdown process for the
Maspaloy and Udimet-700 alloy series. In contrast, the Cr/Al ratio is 1 tor MAR-M247
and Al,03 and aluminate spinels are the chief oxides formed. These slower growing oxides
are less prone to the formation of NiO in the scale wnich leads to accelerated spalling.
In addition, the cobalt content does not appear critical in MAR-M247 suggesting that
cobalt removal does not degrade oxidation resistance.

Est corrosion. Both uncoated and coated specimens of Udimet-700 and uncoated
NAR-| were evalusted. Wedge shaped test bars and the Mach 0.5 burner rig are shown
in figure 18. Specimens were tested for 300 cycles. BRach cycle consisted of nolding
the samples at 900° C for 1 hour followed by 3 minutes out of the flame auring which
time the samples cooled to near ambient temperature while in an air stream. The durner
rig used jet A-1 fuel and pre-heated (~ 230° C) air which was sesded with a sodium
chloride solution air aspirated into the combustor. $Sodium level was maintained at 0.5
pp® in terms of fuel plus air and the sulfur content of the fuel cranged from 0.05 to
0.07 pecoent during the duration of the test. Photographs of the uncoated reduced codbalt
Udimet-700 and MAR-M247 are shown in figures 19 and 20 (ref. 27), respectively. Based
:n :::o.i:aco end weight change, hot corrosion resistance improves as cobalt is reducea
n alloys.

Data are currently being analysed to quantitatively describe these results. In
contrest, an aluminide costing applied to the reduced cobalt content Udimet-700 alloys
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indicated (fig9. 21), that at 1100° C in a Mach 0.3 burner rig, optimum corrosion resist-
ance was achieved at a concentration near 12.8 percent cobalt (ref. 28). These results
along with the low-cycle thermal fatigue results where uncoated specimens gave better
lives than coated specimens, suggest that coating composition must be tailorea to tne
teduced cobalt nickel-base superalloys.

CONCLUS IONS

The COSAM Program, through the cooperative research efforts of NABA, industry, and
academia, is providing insight into the roles of cobalt in today’s advanced nickel-base
superalloys. It is apparent that some generalities can be made as to the major effects
ot reducing cobalt in many of the alloys investigated in the COSAM Progras and Dy othecrs
Cited herein. FPor example, tensile properties and low-cycle fatigue resistance are
essentially independent of cobalt content in the alloys investigated. Oxiaation resist-
ance and hot corrosion resistance have been shown to improve with decreasing cobalt
content in the alloys normally used for high-temperature blades (Udimet-700 and
MAR-M247). Stress rupture results gave mixed results with rupture lives both increasing
and decreasing as cobalt was reduced in the alloys. These results could be reliated to
the effects that reducing cobalt had on fine y' content, carbide composition and mor-
phology, and to stacking fault energy. In the case of Udimet-700, reduced rupture lLives
at cobalt contents of 4.3 and 0 percent were increased to values exceeding or equal to
tne standard 17 percent cobalt alloy by modifying the heat treatment for these low cobalt
alloys. Thermal fatigue resistance and Mach 0.3 burner rig oxidation resistance of
coated specimens indicated that best results were achieved in reduced cobalt content
Udimet-700 alloys with 8.6 to 12.8 percent cobalt.

Based on the results obtained to date, it is concluded that a number of today's
nickel-base superalioys used in gas turbine engines appear to contain mote cobalt tnan
is needed to meet engine requirements. Cutting the cobalt content in half appears to be
readily feasible, The first generation of modified cobalt content alloys has been the
result of substituting nickel for cobalt. Now that some insight has been gained as to
microstructural and mictochemistry changes that accompany mechanical and environmental
resistant changes in the reduced cobalt alloys, alloying elements other than nickel may
enhance the properties of low/no cobalt content nickel-base superalloys. Large scale
neats of the reduced cobalt alloys will have to be produced and evaluated to assure
reproducibllity of findings to date on laboratory size heats.

The results from tne COSAM Program ace eacoucaging in that they hola the potential
of reducing vulnerability of superalloys to cobalt in the event of future cobalt short-
ages or total cutoff of foreign supplies to the United States and other NATO nations.
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TABLE 1. SUPKRALLOYS SELEUTED FOR COBALT SUBSTITUTION STUDIES

f Alloy Typical cu;nnu 'J;- Remsthn '
application

Waspaloy Tatbine diun Por ged Mighest use wigught
alloy in curtent engines

Udieer - 700 Turtine dien Porqed

Similar slloys used in
W Astiolog | Taebine diea As-hip-powder vatjous torme and
applications

'
RENE 77 Tuthine blades | Cast 3
RAR-NI4T TNibine blades | Cast Conventionally-cast, D.8
and wheeln and single crystal J

TABLE 2. NOMINAL CORPOSITIONS AND y ' CONTENTS OF
NICREL-SASS SUPSRALLOYS SELECTSD FOR COSAR PROGAAN

h T Weight percent Petcent
v
[ 13 Co Ct Al T [ ] L] T ot » 3 <

Weapaloy e 1.y |r.0fe.a}--- .- --- ]0.008] 0.06 | 0.00 0

vdine - 760 3} . (88 ys.2(~--- ene foce (030 { --- 00 449

RAR-N2471

Polycryatalline [ 4 5.9 ]1.070.0 .09 18 (1)

Singie u‘oul (3] s.6]1.0}0.6 S0 it (3]

Nissaic 11 e 4.9]0.0(3.9 .00l 1 .18 3

wdiane 720 L1 2.3 1%.0 12} 83 -84 4
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OXIDE DBPERSION STRENGTHENED ALLOYS
by
G A J Raok
Wiggin Alloys Limited
Holmer Road
Hereford HR¢ 8L

e AD-P004 217

SUMMARY

“The principle of oxide dispersion strengtheaing has been applied 10 precious metals, nioksl, ferritic steels,
aluninium alloys end superalloys.

Conventional meiting processes are unauttable for the production of ODS alloys and alternative methods are
required o Incorporate oxides ot0. into variows base compositions. One of these methods, mechanioal
alloying is particularly appropriate to large scale commercialisation and can readily accommodate reactive
alloying elementa.

The ocommercial production, propertiss md appliostions of ODS superalloys are described. The strength
oontribution of the oxides gives the alloy designer more freedom tv opitmise for oxidation and sulphidation
resistance or 0 minimise the use of strategic metale; for sxample, bdbnbnr!hodmlnml-{u/op

INTRODUC TION

For more then a decade, oxide dispersicn strvagthened superalioys have been mder intensive dewelopment
to exploit their polestial for exceptional creep resistance and stability st very bigh temperstures. This programme
has oulminsted tn the commervial avatlability of & range of ODS alloys and product forms mmufactured by a teoim-
ically sophisticated mechanical slloying process.

ma-n—-&w-ﬂuu\‘m alloys arose from the scoepted limitations of oonventional nickel
base superalioys st temperstures of 1000 C and higher. At such elevated temperatures, the usual gamma prime
strengihsning phase present in niekel base superalioys loses ite effectiveness as a barrier %0 dislocation movement.
R was realised that if & more stable species of particle could be iscorporated into the alloy matrix, then sm entively
sew clase of superaliey would be possible, retaintag sigaifiomt strength even up o the solidus. Such an ideal
partisle species was identified during the development work as yttrium oxide, a readily available compound having
mmy ttmes the stabiifty of gamma prime (Table 1. ).

The mechanical alloying process has been developed as an aocceptably scancaical and commerocially feasthle
method of incorporsting a refractory oxide into a superalioy matrix. Merely mixing the oxide with metallio powders
doee not achiews s suffiotently finely dispersed structure. Mselting as m alloying method ommot be sttempted, as
the onide forms sn tmmiscible slag sbove the liquid metal. Other possible teciniques usiag chemical reactions are
wectnomic ou s commercial soale and csmnot be used 0 alioy the wsual reactive slements such as alumiatom and
tHantan.

Machenical alloying hes besn proves commercially for many years snd ODS alloys ave now coming into wide-
spread use for ulire-high tempersture applicetions outside the gas turbine fleld whare their application was orighaally
plomssred. However, the largest proportion of ODS speraliow oulput is still ecld 1o the gas turbine industry.
Table 2 lets the chemical compostitions of the three ODS alleys currestly in commervial produotion.

mmmm.mmumuwhummmm
alloys™ " DI-90832 (Al-4% Mg=-0.8% 0~1.1% C) and IN-9081 (Al-1.3% Mg~4% Co4.000-1.15C). These alloys have
a8 encellsnt balmoe of tensile strength, fstigus resistance, toughnese and sorrosica resistance. IN-9083 is a solid
soltion type alioy having the stranglh of 7000 series aluminium alloys but the good eorrosion resistance of the 5000
type. BI-0031 10 = agp hasdensbile high strenglh alley having improved fatigue mnd eorTTesion resistance over the
7000 series alleys.

ODS nishsl, disporeion strengihoned with thortum oxide by a chemical process, 19 well imewn. Newewer,
wheore there ase savirenmentul cbjesiions to radicastive therie, meshanica! alloying has boen used to replase thoria
wilh ytivia for thene agpliiontions requiring & sembination of strength and high hermal cunduotivity.

Platibum sd s alloys omn alse be meshenically alloyed to acorporate yitrium oxide for ultra-high temperature
agplicntions whore the high cost of plattoum 15 Justified by its extremely good resistmnce to corsosiem i liquld glass.

Ty
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MECHANICALLY ALLOYED POWDER PRODUCTION

The dewelopment of the mechanical alioying process hes been reviewed i several previous papers by Weber and
Beajamin ot al. (2-8). Additional mdepsadent laborsory work aa related processes has aleo been reported from
time to time i the litersture (6-8), and therefore the description in the present paper is limited t0 the commercial
production of alloyed powder for the mmulacture of superslloys.

Typical raw materials are listed in Teble 3. [Kiemental metal powders, crushed master alloys snd pre-
alloyed powders are all suitable for use as feedstock.

Special analytical techniques have been developed to ensure that the high purity yttria powder lies within a
narrow raage of crystallits sizes suitable for use as a dispersold strengthener. invlouly reported work (9) bas
shown that optimum alloy strength is achie vod with crystallite sizses less than 300

Yitria and metal powders are bleaded together ® form a bulk feedstook for the mechamical slloying wmits. The
chemiocal composition of this "pre-blead" is verified before allocation.

Machanical alloying is carvied out in production wmits of 3¢ kg and 1000 kg powder ospacity. The larger wmits,
(Figure 1) are being introduced o stmplity quality control as commercial powder produstion levels now exosed 100t/
year.

Figure 2 shows the powder raw material blend being transferred from a stainiess steel container to ane of the
1000 kg wmits. Both sizes of Wit operste on the identioal principle of & water-cooled high kinetic snergy ball mill
in which the raw material powders are milled together by through-hardened stes) balls. Contaminstion from oontact
between the powder charge and the interual parts of the mill is prevented by a stable protective costing of the super-
alloy which socumulates on the steel balls snd other surfaces, Figure 3.

A repetitive sequencs of particls welding and fracturing oocure b the mill st a rate determined by the process
kinetic energy, tempersture and atmosphere, Pigures ¢, 5, 6. During the course of milllag, s equilibrium particle
size distribution is established snd each Wadividual particle acquires the alloying constitustits in the correct proportions.
Further milling continuously refines the powder structures snd the process is coasidered compiste whea the composite
particies have g finely isyered sub-optical structure, Figure 7. Al this stage the avwerage spacing of yitria diepersoids
st the layer interfaces is similar % the average layer thickness, resultiag in m ideal random distribution of the oxide
with m interperticle spacing of less than 0.5 micron. No further milling is necessary onoe this condition has been
attained.

The mechanically alloyed powder is drained from the mill into further stainless stesl containers epectally
reserved for processed powder, Figure 8. The powdere from each productioa run are sieved o dediceted equipment,
Figere 9, 18d ovalusied by several tuciniguss inciuding sieve snalysie, chemical mmalysis mnd powder metallograghy.
Parts of several production runs may be bisnded together i & stainless sieel container dedionted 10 one particular
alioy, Figure 10. This biend is then subjecied to & full chemical smalyeis, equivaient 10 & cast malysis fa oon westional
slloy production. At all stages scrupuious clesnliness of the envireument and handiing equipment 18 cbserved 10 prevest
oontamination of the powder.

THERMOMECHANIC AL PROCESSING

The aim of the hermomechanical processing is twolold. In addition 10 predusing the required product form [
such 20 sheet, plate, bar, tube, 010, , it 15 Recessary 10 opitmise the stored energy content of the produot. ¥ this ¥
is dome correctly withia sarrow limits, ft is possible to dewslop 8 coarse misotropic grain strwoture during secondary
recrystaliisstion hest~trestment which greatly enhances the ¢lsvated tempersture mechanical propertiss. Budies
nnmuhmmmum—hmmmuw
the mechanise! slleytng stage sd the powder ecmsolidation varishies.

P - Ether hot sutrusion or bet isestelio pressing may be used o compact the mechanioslly alloyed powder but

« svbeequent hot working operstions must be modified tv compansate for the different lovels of working iavolved with
these oeneclidution metheds. h most istenses entrusion is preferred bocause it is lese expensive han HIP aad
tmparte s welul preportion of direstional working necessary for snisotropio secondary reerystallisstien.

i MiM stosl cutrusion emns are filled from the "slley bisnd”. Cans wp tv Nomm dismeter md 000mm long are
« prossstly wed, csnialning up 9 170 kg of powder. The wall thisiness snd end plug design of the oans are veried with i

beth the aliey being prodused sud the predust form ta order o mantmiss ylokds, A minerity of the filled oms ave
i ovaousted of alr and sealed prior © extrusion but in most agplicetions this has been fomnd Wnesessary.

o Seversl bowre sesking i» & furase of e entrwsion tempereture ase roquived to ensuse that the eentre of the
. powder mase io boated hegoughly. Duwring this time Mntordiifusion covure which counes the highly strained sompestite
. powder partiolss o bosotae shomisally homogsusous with all the phyvival preperties of a truly alioyed pewder.
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Extrusion is oarried out tn commercial 5000 snd 6000 tonne presses st temperatures, ratios and speeds which
are ntardepeadent varishles and which must be determined in oonjunotion with the subsequsut remaming bot working
parmmeters. A further complication is that the charscteristios of individual extrusion presses have to be oonsidered
as part of the total thermomechmical working equation. B is not possible, for sxample, to soale-up exactly the
required variables from experimental work with small laborstory presses, or sven from sxperience with other large
commereial mits. Fortumaiely, onoe the opersting parameters are established, the results are reproducible without
difficulty.

I the aa-extruded oondition, ODS alloys have a very fine equianed sub-microa grain strusture suitable for
further hot working operstions. However, some bar products are deliberately extruded wder conditions designed
o give a high thermomechanioal work oontent which is sufficient to permit secondary recrystailisetion 0 & coarse
ekmgated grain structure without the need for further hot working operstions. For example, the turbine blade alloy
INCONMEL alloy MA 6000 has been made experimentally by this method (10) and the tron base oxidetion resistant
alloy, INCOLOY alloy MA 986, can be made commercially in bar form by s stmilar route, Pigure 11.

I the majority of produstion routes, the extruded bar is mn intermediate stage which is normally followed by
bot rolling. Thia is & highly controlled operation which is tdeal for optimising the stored energy content md om
be wsed i o sophisticated way to control texture. For exsmiple, the turbing vane alloy, INCONEL alloy MA 784, n
the form of fiat bar poesesses exoeptional thermal fatigus resistance which is dertved from its (100) texture induced
during the rmomechaniosl working.

Another useful application of hot rolling cocurs in the production of INCOLOY alloy MA 966 sheet. lsotropic
moechanioal properties md coarse "pmncake’ shaped grains are consistently produoed in this product by a carefully
oautrolied programme of hot croes-rolling of the extruded bar stook. Different cross-rolling schedules have been
destigned %0 achieve the best properties in sheet of various standard thioknesses.

Removal of the mild steel from the extrusion cans s carried out etther by machining or by plokling, depending
on the alioy and the product form. The latter factors determine the stage at which the can is removed, sfuce the oan
may be benefloial in preventing excessive surface cocoling during hot rolling s alloy such as INCONEL alloy MA 6000
which is thermally sensitive in the fine grain condition.

Foliowing hot rolling, most producte are ready for secondary recrystallisstion heat-trestment. One obvious
exveption is INCOLOY alloy MA 966 tatended for cold drawn wire, cold rolled sheet md even fofl. Other sxveptions
are forgiag stock aad products for hot fabriostion, which gemerally respond more readily %o deformation in the ultre

- fine grain condition. As with hot rolled products, the fiaal major operation is the secandary recrystaliisstion heat-
trestment,

BECONDARY RECRYSTALLBATION IN ODS ALLOYS

The most striking festure comman 1o ODS supsralioys is their remarkable capeotty for secondary grain growth
whes mmmesled ot vory high temperatures following opttmised thermomechanioal working. Studiss on bar have shown
that the elovated temperature mechanioal properties are proportional ¢o the grain aspeot ratic up to sbout §:1, abowe
which they are relatively independest (8). I practics, s mintmum grein aspect ratio of 8:1 is normally considered
scoeptable.

INCOLOY alloy MA 98¢ and INCONEL alloy MA 784

MMMWMU-MmddeMhbr-.uoo'cnl'o.c. Whee etohed,
INCOLOY alioy MA 86 extruded mad snealed bar resembles directionally solidified turbine blade alloys i appearsace,
Pigure 11, with single grains extending for leagths of half a metre of more and sbout 2 osatimetre i orose-section.
INCOLOY alioy MA 986 cold rolled sheet has & strusture composed of 2 few largs “pancake” grains through the section
thiclmese, with the "pmoskes” I the plane of the sheet. This structure images the thermomechanical history of the
material.

L

i
£
«
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AMhough nickel base INCONEL alloy MA 754 ber has a rether finer structure, the grain aspect retio exceeds
811, Pigure 12, md the clevated temperature streagth is sigeificantly higher than for INCOLOY alioy MA 366. This
is belisved ©0 b an offect of the different relaticnship betwuen the disperscid sad deformation mechenisms i foo md
bos lnttioss. Fundamental research on this tople is surrently being mderteken.

T e,

INCONEL alley MA 8000 Bar

Thie alloy bas 2 move complex sompesition, boing strengihened with soveral solid selutien addittons, gamma
prime for ivrmediale tompersiure strengih snd yitria for eutveme sloveted tomperature sreep resistence (11).
Seosndary resrystallisation fo 2 coarse slengated strusture has ngt besn sussetefully sshisved by statie snnealing,
posolhly besause the velatively low solidus of apprenimate’y 1900 C provnts mmealing st Mgher temperatures.
Nowewer, s high aspost rette graln strusture oo be predused over quity short distunces i & sulliciently sheep Mneer
Somgarsiure grodisut. Alvmaiively, estremely high aspest retle strustures een be develeped over lengths of o
metre or move by the agpliontion of 3 meving bet sene amealing torhaique (18, 15). The ofivets of both statle esad
meving femgerature gradisnts are tustvated for the same lenglh of ber i Pigwe 13,
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 order to manulacture INCONEL alloy MA 8000 in commeroially acoeptable lengths of wmiform structurs, & H
moving soue techniqus must be used whioh 1s an integral part of the eutire olosely controlied the rmomechanical process- :
tag sequence. This is necessary to optimise the final grain structures mnd maximise the resulting elevated temperature .
mechsniocal properties.

The final major step i the manufacture of INCONEL alloy MA 6000 bar is solution treatment and ageing to develop
correctly the gamma prime structure for intermediate tempersture strength. This heat-treatment is as follows:-

0.5 b/1230°C/AC + 3 h/988°C/AC + 2h/848°C /AC
PRODUCTION ZONE ANNEALING

The important parameters for sone snnealing are maximum sove temperature, tsmperature gradisat end Mnearity,
! bar section stse, travel spaed of the bar relative (o the zoue and the heating characteristios of the power wmit. Exper-
{ence with a small resistance hested sone ammesler indicated that steeper longttudinal tempersture gradients and faster
production rates, in particular, would be highly desirsble objectives, best achisved by using direct low frequency
nduotion beating. A production sone annealer was therefore deaigned and bullt using this experience for the commer-
clal sone sanealing of INCONEL alloy MA 6000. Figure 14 shows the fized induction heating ooll on this production
wmit. Adtomatic tempersture control is by optical pyrometer and the bar speed (s stabilised electroniocally.

The maximum temperature of the hot sone forms part of the total thermomechanioal working equation and must
be selpoted from the limited tamperature range in which secondary rec, stion s possible tin INCONEL alloy
MA 6000. This repge is boypded by the solidus st the upper end (1208 C) and 2 tempersture slightly above the gamma
prime solvus (1180 C ~ 1180 C) st the lower end.

The longitudinal temperaturs gradient has 0 be chosen in relation to bar speed and tnduotion frequency tn
order 0 schisve through-heating of the bar and to avoid sxvessive thermal stresses during heating up to the sone
maximum tempersture. The relationship between the important parsmeter of bar speed and stress-rupture prop-
erties has been invastigated i some detatl as shown In Figure 18.

At very low speeds, a proportion of the stored eneryy in the bar is mnealed out before directional recrystall-
isation can oocur. Sinoe this is equivalent to an under-worked condition, Wferior stress-rupture properties are
obtained. Whea very high speeds are used it is difficult o maintain a planar temperature profile through the bar
section aud shorter, curwed grains result from growth away from the bar csstreline in the direction of stespest

. tempersture gradisst. This structure again adversely affects the strees-rupture properties. Flually, at very
high speeds, the csntre of the bar may aot eve reach the lowest temperature possible for secondary recrystall-
isation sad the mechanical properties fall to very low values.

B has beeu fowmnd that the dest mechmiosl properties are associated with a charscteristic "quadrant” structure
which 18 sesn In etched transverse bar sections. This ia tllustrated B Figure 18 and is believed %0 represent four
families of grains, with almost identical orientations within each grouping. & (s suspected that slight, symmetrical
tempersture gradients, superimposed on the prinoipal oversll linesr gradient, are reponsible for these wmusual gratn
orieatstion pstterns.

more sttractive as s turbine blade material than olther existing single orystal alioys or ODS multiorystal materials. :
Oue of the main difficuities to be overcome is the favoured longitudinal grain growth mode which tnhibits the amownt ; i
by which isteral spreading of a selected orystal orientation oam vocur in & becessarily solid state process. .

. Attempts have been made o produce INCONEL alloy MA 6000 as single orystal bar. Such a material could be

FABRICATION OF COMPONENTS FOR GAB TURRBINES
INCOLOY slloy MA 956 cold rolled, mnealed sheet 1o readily fabricsted Into complex compoments. Howswer,

-~ a8 a forritic steel, it has reduced duotility below its tramsition tempersture and the normal precautions for this class .

x - of material haw 10 be cheerved durieg fabrication, Thus stmple sheet fabrications are posstble at room temperature !

< but morve complex operstions are best csrried out by slightly warmiag the material 0 160 C (14). ?
S

Most other prodwnt forms of INCOLOY slioy MA 506 are fabrioated I the fine grain condition. Thus, rings
ose be readily rolled s INCOLOY alioy MA 968 and are being considered for both turbine casiags and oombustion
chambere. Figure 17. shows the sises which haw been produned to date.

Dotk BNCOLOY slloy MA 966 and INCONTL alloy MA 754 can be hot spam i the fine grain condition to make &
renge of compnents having oireuiar symmetry such a8 combusior dowmes md swirler plates. Figure 18, demon-
- strates & selostion of fabricated and forged somponents ta both alloys.

e e A

DICOLOY alloy MA 556 may be welded wing 5 near matehing Fe-Cr-Al-Y fillor wire for corrosion resistmmce
bt & i5 recommended that sush wolds are desigied to sperate mder loss sewere ecaditions then for whish the wrought
shost aliny is captble. Eisetven boam md laser wolds have boon chown 0 bave useful high temporsture preperties (18),
o hove braned folnts.  Rivetting, weing DNCOLOY alloy MA 388 vivet rod has also beon effective B several commer-
olal agplications. Vigure 19. shows & prototype somsbastion chamber made by rivetting & liner of RRCOLOY alloy
MA 056 shost to @ outer suppert of niche! base alley (18).
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In common with most high temperature superalloys, INCONEL alloy MA 754 cannot be welded eastly but it
doss respond very well to standard high temperature vacuumn brazing operations (13). The most common present
commercial application s a bragzed assembly of vanes and bend segments . Figure 30,

Until forging techniques have been developed, the immediate spplications for INCONEL alloy MA 6000 are for
first stage turbine blades machined from solid bar. The alloy is no more difficult 0 machine than established
blade alloys such ss IN 738 end IN 792, snd responds well to all the wual metal removing techniques.

The chd-mhruﬂol of INCONEL slloy MA 8000 make it ideal for moreasing the me:al tompersture of turbine
blades by 100 C or more in engines where the stresses are medium or low. This is because the intermediate
temperature strength of the alloy is limited at the root end of the aerofoil section by the amownt of gamma prime
streugthening avatlable. Studies have shown, however, that modification of blade mass and temperature distrib-
ution to fit the unique strength Aemperature characteristics of the alloy can minimise this aspect (17). Pigure 21
demaonstrates a design study for a machined solid first stage blade in INCONEL alloy MA 6000,

CONCLUSIONS

Oxide Dispersion Strengthened alloys form a unique group with the properties of high streagth and stability
beyond those achievable with conventional materiale. The commercial dewelopment of mechanioa! alloying as &
prooess for producing ODS alloys on a large scale has allowed their special properties 10 be utilised in a large
number of severe applications, especially in advanced sero engineering, but sow increasingiy in tndustrial high
temperature environments such as fossil fuel burning, nuclear power gonerstion, chemiocal plant and glass making.
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TABLE )
8T 8 E 1
Approximate
Free Energy olo
Formation at 1000 C
Phase ____ _ippl/uwle)
¥ - 25,000
Carbide - 40,000 : 1
v,0, -230,000 3
TABLE 3
AL C L N
INCOLOY alloy INCONEL alloy INCONEL alloy
—MAgSe = MATSS = MAGO0
frow T¢ 1.0 -
Chromium 20 ] 18
Aluniniom 4.5 0.3 4.5
Titsnfum 0.8 0.8 3.5
Yitrimc Oxide (vzoa) 0.8 0.6 1.1
Nickel - ™ a9
Carbon - 0.08 0.08
. Tungster - - 4.0
Molybdeoun - - 2.0
Tantalum - - 2.0
Boron - - 0.01
Zirvontum - - 0.15
IAPLE Y.

TYPICAL RAW MATERIALS USED IN
MECHANICAL ALLOYING OF INCONEL MA 6000

Partiole Size
Powdere ) -
Type 123 Inco Nickel 4-7
Chromum ~-180 +718
Molybdenum -48
Tungsten -11
Tantalum -48
Ni-Al-T1 Masteralicy -180
Ni-Al Masteralloy =180
Ni-B Mastersalloy -180
Ni-Zr Masteralloy -180
Y,0 210400 3
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Each mill has a capacity of 80 tonnes /year oxide

hooMAP mechanical alloying factlity.
dispsreion strengthened powders,

ZIGURE 1
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FIGURE 4; Raw materials comprising elemental powders and crushed master alloy. (Yitria powder is
predeat but a0t visible).

FIQURE §: Compostie powder formation duriag processing.




FIGURE 8: Fully processed powder.

Pinely layered surfass strusture of processed powder,
TURE 1 SEM photo)
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FIGURE 101 Powder centsiner belng loaded tato frame of rolary blsnder.
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FIGURE L1 Righly elongated grais strusture of INCOLOY alloy MA 966
extruded bar after secondary recrystallisation,

T

; ® ® © @
: ZIGURE 13+ Experimental gradient sasesied strutures in INCONTL alloy MA 6000 bar.
@) Unaffeoted sub-micron equiaxad structure (as bot rolled).

®) Limtited region of static, steep temperature gradient above the secondary
recrystaliisation temipe rature.

) Coaree, nearly equianed structure anmealed fn static hot sohe st maximumn
sons tempereture.

) Coarse, highly elongated struoture prodused scatinwously in & stesp moving
teinperature gradient by moving the bar.
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IKURE 1S "Quadrant” grain orientetion patiers in transverse
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FIQURE 17: Seamless rollad sections of INCOLOY
alloy MA 968 intended for gas turbine
rings.
I
1
!
FIGURE 18; Hot spum dish, sheet fabrications md forgings tn TIGURE 19; Prototype of an advanoed
INCOLOY alloy MA 968 and INCONEL alloy MA 784, high tempe rature combustion
ohamber using INCOLOY
alloy MA 886, r
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- LIGURE 20: Brased turbiss vane assembly
- ourrestly i service md fabrio-
‘ ated from INCONEL alioy MAPS4.
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Sumsary

Chromium is s highly strategic and critical metal because of {ts signifi-
cant {mport dependence and its essential uees for defense, energy and
{ndustri{al products. It is used in such diversified applications as stain-
less steels and tool steels; alloy steels to provide hardenadbility in heat
treataent, in air frames, and in landing gear; heat and corrosion resistant
alloys; superalloys for jet engines; alloy cast i{ron; electroplating; and
corrosion treatment for aluminum alloys. This paper presents information

on application areas where substitution and conservation appear feasible

in a supply crieis based on present ivailable technology. Likewise, appli-~
cations where resmsearch is needed to sxpand the substitution potential will
be indicated. Opportunities for co.servation and displaceaent with emerging
technologies will be dlscuaaoé. Fi{1ally, the value of an organized effort
on “Yaubstitution preparedness® to .ather and develop inforaation on chromium
substitution and conservation technology and have {t ready as & contingency
plan will be presentae:

Chromium must be rated at the top of the priority list of critical and strategic
metals because of its signififant {mport dependence and its unique importance to defense,
the serospace industry, and dern industrial technologles. Ite versatility as an alloy-
ing olement inm exemplified by its uses in many engineering materials including stainless
steels, tool steels, alloy steels for hardensbility in heat treatment, structural steels,
heat and corrosion resistant alloys, superalloye, alloy cast iron and plated aetal.

At the outset we should note that a significant factor contributing to the strate-
gic importance of chromiuam is that many of {ts applications in essential alloy materials,
particularly those used by the aerospace industry, are irreplaceable at preaent technology
levels.

Because of its availability, effectiveness, and low cost, research in chromius al-
ternatives has not been pursued as throughly as for other alloying elemente. However a
number of substitutes and technological options exist and implementation of these alterna-
tives in a crisis would extend supply Zor the specific heat and corrosion resiatant appli-
cations for which thers are currently no viable subatitutes for chromiua.

In this presentation we will consider alternatives to chromium as an alloying
element, both available technologies and opportunities for new technologies. Major points
of emphasis are that technology for substitution, conservation and fnnovative displacesent
saterials are among the most viable options for reducing vulnerability to a ocut off of
chrosius and that now ts the time to develop these technologies rather than after a
crisis is upon us.

The issue of concern {s vulnerability to disrupted supply and this suggests prepar-
edness to adapt to a supply curtailment without serious consequences to national security,
industry and comserce. It is prudent to have technology for alternatives tested, on the
shelf, and an inforaation system on their use ready for emergency preparedness. Howvever,
it should be recognised that the chromiusfree alternatives may not be eoconomically
viable at thiu time bdecsuse of the low cost of chrosium.

Chromium in Superalloys

» Chrosium 1w essential for elevated temperature oxidation and hot corrosion resist-
ance of superalloys for aircraft jet engines. The ohromium content of tygionl superalloys
{s given in Tadle 1. However, Prof. John K. Tien and his associates at Columdis Univer-
eity have pointed out that the high ohromius content required for surface proteotion is
n0t needed for the mechanioal properties of superalloys and is often considered more
deterisental than beneficial for these properties.

The posaibility that over 90 percent of the ohromium not be needed opens the
potential for conservation if methods can be developed to provide the surface reguireaments
of chromium while eliminating the bulk of it from the alloys.

« Burfece alloying with chrosius utilising ion implentation with controlled laser
annealing of the isplanted layer shows promise for conservation of ohromium. VWith this
wethod & high concentration layer of ohromium near the surface can bs bduilt with & sinimua
nusber of implantation oyocles.

Tay




— - y—————————.

8.2

Chromium Steel for Aerospace Applications

Other requirements for chromium consist of alloy stesls and stainless steels for
general aerospace applications as shown in Pl{uro 1. The applications range from ultra
high atrength steels used in landing gear parts and structural fittings to atainless
steels for tubing and ducting.

Hot to be overlooked is chromium used in ateels for forging dies and fabrication
tooling. BEstimated requirement for forging dies for a large transport made by one
aircraft producer {s 14 millton pounds containing from I to 5 percent chroaiua.

Chromium containing ultra high strength steels, shown {n the compilation below
from Republic Steel Corp., are employed in forging applications for load bearing applica-
tions in engine mounts, tail section forgings, wing mounts, and landing gears. On a
weight baals the largest use is landing gear.

. Alrcraft Landing Jear 3teels

Cosposition
Alloy C Mn St N¢ Cr Mo v Other
98 BV 40 0.43 0.85 0.65 0.75 0.90 0.50 0.04 B
4330 M 0.30 0.9% 0.27 1.80 0.85 0.40 0.08 -
4340 0.40 0.75 0.27 1.80 0.80 0.25 - -
300m 0.40 0.75 1.65 1.80 0.80 0.40 0.80 -
HP 9-4-30 0.30 0.25 0.10 7.50 1.00 1.00 0.10 4.5 Co
HP 310 0.40 0.75 2.50 1.80 0.90 0.40 0.20 -

A workshop on chromiua subatitution held recently at Vanderbilt University brought
out the fact that there is not any alloy research in progress which has as its goal the
development of a chromium free steel for ultra high strength aircraft landing gear appli~
cations. As both military and commercial aircraft utilize the same alloys for landing
gears this is an appropriate and vital area for alloy sudastitution research. This is in
contrast with research vork, that will be discussed subsequently, which has resulted in
development of subatitute chromium-free heat treatable steels and the establishment of &

~ high technology base for chromium-~free structural alloy steels.

The potential exiats for displacement of high atrength steels in new projects by
titanium, and compoaite materials and by such alternate deaign approaches as illustrated
by the hydraulic cylinder shown in Pigure 2.

Jubstitution and Conservation options for Chromium
Tn StalnTess Jteels for Corrosion and Oxidation Hesistance.

There is a favorable trend toward substitution of precipitation hardening etainless
steels with lower amountsa of chromium in airframe applications. In some appiications
precipitation hardening bar, forging, and casting alloys of 17-4PH with 17 percent chromiua
are being replaced with 15-5PH contsininf 15 percent chromjua and with PH 13-8Mo with 13
percent chromium. The vacuum mselted PH 13-840 has improved sechanical properties without
A compromise in corrosion and toughness characteristics.

Another trend affecting the use of chromium by aerospace is use of a higher chromium
containing 21-6-9 alloy in place of AISI Type 321 stainless steel for hydraulic tubding.
This ie attributed to the superior cold worked mechanical properties of the 21 percent
chromium alloy which results in significant veight savings over the 18 percent chromium
~ 321 stainless alloy.

»
.

< Titanium is an alternate material for hydraulic lines but its subetantially higher

cost, more difficult fabrication requirements and sensitivity to phosphate eater hydraulic
fluide have limited its use. However it may be regarded as a viable alternative in the
event of & chromius crisis.

. Development of substitution and conservation options are evident {n 4diverse en-

‘ gineering applications for stainless steels which can relieve some of the pressure on

| {rreplaceadle asrospace uses for chromium. There is increasing acceptance that although
| austenitic stainless steels contain 18 percent or more chromium for corrosion resimtance,
passivity is achieved with 12 percent and for many applications this ssount will provide
adequate corrosion resistance. Cheaical industry applications may de exceptions.

The function of chrosium as an austenite stadbiliser in stainless steele can be
fulfilled by nickel or manganese so that in an emergency the chrosium content of replace-
uent steels could de reduced to 12 percent. Austenitic steels with 14 zorcont chroaium,
compared with the traditional 18 percent chrosium, have oxidation resisiance and adequate
streagth for 1400° P gervice.

A 9Cr-1No steel modified with esall additione of niobium and vanadium shows promise
a8 & replacement for 18 percent ohrosium steel in steaa pover plant heat exch re. BNeow
higher strength duplex stainless steels can lover total chromium demand by utilising 50
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percent reduced cross section although chromium content of these steels im higher.
Reaaarch on an Fe-8A1-"%0 alloy has demonstrated that a chromiusm-free iron base alloy can
achieve high temperaturs oxidation resistance in alr superior to that of AISI Type 304
atainleas steel. Development of other new alloys without chromium is also underwvay:
lron-Manganese-Aluminum Alloya are being developed to substitute for austenitic nickel-
chromfum stainleas steels in heat resistant applications at moderate temperatures and
some corrosion resistant uses including the ocean environaent.

Silicon Alloys Worthy of Development Efforts

High silicon molybdenum ductile cast iron {s already in direct competition with
high chromium steels in some high temperature applications on an economic basls. 31-Mo
ductile is basically a standard ferritic nodular iron containing 4 percent silicon and 1
percent molybdenum. It is being used for turbocharger housings, exhaust manifolds, and
furnace grates. It is probable that with minor design changea 3i-Mo ductile iron could
function in place of high chromiua steels in numerous high temperature applications. A
cowparison of properties of the two materials is given in Pigure 3.

While saall additions of silicon, as noted above, enhance the oxidation resistance
of materiala, alloying with larger amounts (9-18 percent 31) provide excellent resistance
to acqueous corrosion in many agressive acid media. Despite the excellent corrosion
reajiatance of the high silicon alloys, the “rend has continued toward more extensive use
of chromium~containing stainless st els. 1.ia can be attributed to the limited mechanical
properties, lapractical fabricability, and poor weldability of the high silicon alloys.

It {8 evident that to expand the potential of these alloys as a viable chromium
subatitution option for corrosion resistant applications development efforts should be
pursued to improve their mechanical properties and fabricability. Wrought, hot and cold-
workable silicon containing alloys should be regarded as a goal to be achieved by recent
advances in metallurgical proceassing declared A. 1. Asphahani, Cabot Corp. at the Vander-
bilt University workshop on Chrosjum Substitution.

In Rnother approach, since many corrosion reactiona occur on exposed surfaces, the
high silicon alloys would be useful for weld overlaying, thersal spraying, and surface
fmpregnation. A eilicon impregnation process was developed in the early 1930's to provide
components with excellent corrosion propertiea and to get around the brittleness and poor
physical propertiea of high silicon alloys. The alloy surface containing 14 percent
silicon had & thickneses of 0.010 to 0.05 in. It is interesting to note that the developer
of this process almost half century ago recognised the "strategic importance of replacin
{mported chromium with an element obtained from common sand."” (Metal Progress, Oct. 1939

Aluminides for Structural use at Elevated Temperatures

Both iron and nickel aluminides, as i{ntermetallic alloys, have unique properties
which make them attractive for structural applications at elevated teaperatures. They are
nard, stable, atrong and resistant to elevated temperature oxidation and corroaion. The
major 4ifficulty, however, is their tendency to exhibit brittle fracture and low ductility.

3ignificant progress has been reported by Oak Ridge National Laboratory in iaproving
the ductility of nickel aluminides (N13 Al). The approach {s based on addition of aicro-
alloying elements (Dopants) to control grain boundary chemistry and cohesion and reduce
the tendency toward brittle intergranular fracture. Boron-doped nickel aluminides exhibit
roos temperature tensile ductility sbove 50 percent, the highest ductility ever achieved
by polycystalline aluminides.

Unlike conventional alloya, the yield strength of microalloyed NizAl increases
at elevated teaperatures, reaching a maxismus around 600® C, as illustrated in Pigure 4,
shoving test results for boron doped NizAl and for advanced aluminides developed in
recent research utilizing msicroalloying and thersomechanical treatment. The advanced
¥isAl cospositions have higher tensile sirength at elevated temperatures than Waspaloy,
an"alrcraft engine superalloy, ae shown in Pigure 5. These advanced aluminide alloys
display at 600 C a yield strength of 120,000 psi (830 MPa) whioh ie more than three times
that of Hastelloy X, a ductile nickel base alloy. The reaistance of alusinides to oxid-
ation and sulfidising atmoaspheres is a useful property for aerospace applications. Com-
panies involved in production of aerospace alioys have expressed interest in the atruc-
tural aluminidzs and plans are being msade for preparation of large commercial heats for
avaluation of properties.

Bearing Steels of AISI TYPE 52100 with Reduced Chromium

An alternate to standard AISI Type 52100 bearing steel, designated TB3-G by ite
developer, tne Timken Cc., reduces chromsius content fros 1.5 to 0.5 percent. The low
chromius alternate developed in anticipation of a possible chromium shortage satisfies
all of the technical and bearing perforsance requiresents of standard AISI 52100 bearing
components. Because the nev st al is more economical than 52100 it has received vide
scceptance from users. The process vas sisply one of substitution of sanganese and
solybdenus for chromium based on prior eurk conducted on the influence of various alloy-
ing elemnents on hardenability of high carbon steels as shown in Pigure 6.

User's experience has confirmed the equality of the sudstitute bearing steel and
Tisken reports that TB3-9 has replaced at least one third of its high carbon bearing
steel orders, the best verification of its viability as an alternate bdall bearing steel.
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Bulk aavinge in chromjus could amount to 310 tone annually in the U. 8. {f the TB3 steel
was substituted across the board in an emergency. It's likely that the producers of Type
52100 bearing steel have chromium-free proprietary compoeitions that could be brought
forth {n a crieis but are not being offered now because economics of applications are not
favorable due to the low cost of chromium.

Heat treatable ateela without chromium

About 17 percent of chromium consumed annually in the U.3. goes to produce con-
atructional alloy steela where {t used primarily for its effect on hardenability in heat
treatment. While chromium 18 both highly efficient and cost effective in this application
it can be replaced with alternative alloying elements.

Two grades of heat treatable carburieing steele widely used for gears and shafte
are the AI3] 8600 series containing nickel-chromium~-molybdenum and the AI3I 4100 series
containing chrosfum-molybdenum. These two grades account for 60 percent of the chromium
aned in heat treatable alioy carburizing steels, which ia about 10 percent of total U. 8. 1
requiremsents for chromium. Conaservation by substitution of other elements for this .
chromium will reduce U. 3. needs by 10 percent or extend the supply for those applications v
for which there is currently no viable s.bstitute for chromiuam.

Heaearch to develop nev alloys to replace chromium in heat treated carburieging
ateels for gears and shafts vas conducted at International Harvester Co. under aponsor-
ghip of U. S. Bureau of Mines and was reported at the workehop onrn "Conservation and Sub-
stitution Technology for Chromium”™ held at Vanderbilt Univeraity, October 1982. The
chromium-free steels consist of a aanganese-mclybddenum substitute and a manganese-nickel-
molybdenum substitute. The coaposition ranges for the replacement steels for AISI 4118
and AI3I 8620 are given in Table 2. Tests conducted on experimental heats show that the
chrosium-free steels provide microstructure, heat treat reaponse and mechanical properties
equivalent to the 8600 and 4600 chrosium containing grades. Hardenability bands for
AI31 HB620 and for AISI 4118 compared with the replacement chromium-free steels, given in
Pigure 7 and Figure 8, show an equivalent hardenability response.

Experience has shown that standard steels for applications requiring heat treatment

can be replaced by nev steels of different alloy composition provided the new steels

exhidbit the same hardenability, heat-treat reaponse and mechanical propertiea. Thus by

control of composition new chrosium~free steels can be developed to replace standard

steels in current parts without the need for redesign of the parts and with only noainal

cranges in procesa control parameters. Computer modele for predicting hardenability,
- properties, and heat treatment requirements are now avallable to facilitate the develop- \

ment of new alloys. Basic assumption in the development of substitute heat treatable

ateela are;
° Engineering perforsance of a heat treated coaponent is controlled by the carbon
content, mlcrostructure and residual stresses.

The microstructure and residual stresses are governed by the carbon content,
hardenadbility, and aartensitic start-and-finiah tranaformation temperatures.

Alloy coamposition controls hardenability and transformation temperatures. H
' Thus opportunities exist to develop substitute eteels composed of alternzte non-
strategic or less-strategic alloy elements provided the new steels have the same carbon
content, hardenability, and sartensitic transformation temperatures. f

Chromius=-Pree Alloy Steels Ready when nesded

f
H
Industrial research and Zevelopament efforts by the steel industry in the United l
3tates have developed "on the shelf™ alloy steels vhich conserve chromium, and are ready
for use {f the demand arises. Examples include a modified AISI 3120 alloy with chromius F
1

-
a - reduced from 1.50 percent to 0.60 percent. Thim alloy is already off the shelf and in
« use in automotive steering gear systems. Another alloy designated "2 Ni- 2 Mo" is being

evaiuated by Republic Steel Corp. for use in rock drilling bits and would reduce chromsjus [
content from 0.55 percent to zerc compared with the currently used SAE-EX-55 steel.

In teras of alloy bar steels, there wvould not be a serious prodbles. The technology
ie available to readily find alloy substitutes for chromium through the judicious use of
‘ molybdenus, boron, vanadium, manganese and nickel. Whether it {8 a cardurizing steel,
such as AI3] 8620, or a through hardening steel asucn as AISI 4140 adeguate non-chromius
substitutes can be made available. Computerised hardenability prediction systems, pre-
viously noted, have proven to be accurate and fast and would ehorten alloy development
time for new steels to conserve chromium in & crisie.

Carburising Steels for Elevated Temperatures use

Additional reweeerch 18 necessary to detersine the full potential of chromjumfree
heat treatable carburizing steels for elevated teaperature service in range of 600° »
'315C) but prospecis appear promising. To & large extent elevated temperature properties
depend upon precipitation of alloy carbides during tempering at te ratures above the
intended service temperature to form a strengthening dispersion stable at the operating
tesperature.
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The extent to which chromium enters into theae various carbides is not well de-
fined. llowever carbide precipitation and secondary hardening do occur {n vanadium,
solybdenur and tungsten alloyed oteels without chromium additions, and such precipitation
is the major prerequisite for good elevated temperature propertiea. A steel designated
"B 1000 with about ! percent chromium, as shown in Table 3, performed better than X-2M
with almost 5 percent chromium in tests conducted by Climax Molybdenum Co.

Heaearch on FPressure Vesael Chromium-Pree Uteels Needed

Chromium-free steels are available for most structural plate, an exception being
presasure vessel plate. Annual consumption of ASTM A-387 ateel gradeas used for pressure
veanela, boilers and heat exchanges is 8,000 to 9,000 tons per year. The coammon grades
*ontain efther 1.25 percent or 2.5 percent chromium, which {s required for high tempera-
ture atrength, toughneas and resistance to hydrogen. Pressure veassel sBteels are utilized
in critically important applications and there is no research in progress to develop
~hromiup-free alternate alloys for an emergency.

Rl LOSC N

‘hina jear Oteel Without Chromium or Nickel

what ia described am a "Rare Earth Boron Jteel” is being used {n Chlina for heavy
3aty carburized geara, and properties are reported to be better than those attained with
~onventional nickel-chromfum gear ateels. The steel used at the Nachang Gear plant has
the following compoaition ranges in weight percentage: carbon 0.22-0.28; manganese 1.30-
1.60; silicon 0.20-0.45; titanium 0.06-~0.12; boron 0.001-0.004; Rare Earths 0.05. Chinese
setallurgints attribute the improved rupture strengtn and toughness of the carburized
geara ty the rare earth additions.

High Jtrength Low Alloy Steels (HSLA)

HOLA ateels constitute a new class of ateels with high strength, toughness and .
f:roatility achieved by mpplying advances in understanding of processing/microstructure/
property relationships. The strength of these steels does not depend on traditional
rardenability approaches and the majority do not contaln chromium.

Properties are achieved by using microadditions, generally less than 0.1 percent
of alluying elements, principally niobium, vanadium and molybdenum with controlled thermo-
mechani{cal treatments. The use of these steels may be expanded to supplant chromium—
contrining heat treatable steels and low &lloy steels in airframes.

Surface Modification and Alloying Systems

Metallurgical coating systems utilizing surface modification and alloying techniques
such as fon implantation, laser and electron beam heating, ion bean mixing are currently 4
undergoing rapld development. Coating techniques including electroplating, vapor deposi- i
tion, aputtering, plasma apraying, and ion plating are currently in use in relevant
applications. %

From the technological viewpoint the use of all these techniques could be rapidly
increased in the event of a severe chromium shortage. Certainly further technical pro-
greas and new capabllities will r-osult from continual research in the area of surface
modification. However, the potential for chromium conservation presented by advancement 4 .
in coating systems should be pursued aggresaively to develop these technologies into a .
viable option for emergency preparedness.

Established Coating Processes Conserve Chromjum 2 !

Cladding with stainless steel is an important option for reduction in use of }
chromjum where {ts primary function ia to provide surface protection from corrosion, .
oxidation and/or wear. The technoiogy for cladding carbon steels with stainless steel is o
well established and it is estimated that a subatantial amount of the stainlese steel b
plate used could be replaced by clad plate to conserve chromiunm. &

|
|

Electroless nickel plate and nitriding are being used now vhere they are cost
effective and could be used more widely for wear and corrosion protection i{f chromium was
unavailable.

Alloying elements may be introduced by diffusion into the metal from a powder
applied to the surface at elevated temperature. Chromium, diffusion bonded (0.002 in.)
on low carbon steel sheet, may be used as an alternate to ferritic stainless steels in
some applications. Alumnium d1ffusion coatings on steel are being employed in heat
reaistant applications. |

b
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Often surface treatments are effective in conserving instead of replacing chroaiua. :
An example i{s aluminized hot dip coated steel where the substrate instead of deing a low
carbon steel is a lov alloy steel. Adding small amounts of chromium, aluminum, and
titanius to the base metal increases the coated material's upper oxidation limit to 1500°
P versus 1250° P. In times when low cost chromium ia remdily availadble, as it {s today,
for conservation to be effective a cost advantage inducement must de duilt-in. While
saterial inertia holds back conservation in sany existing applications, it's important
that emerging high alloy applications be guided towvard strategio material oconserving
alloys.
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The Potential for Displacement Technologies

High perforsance ceramica offer many of the valuable properties that chromium
contributes including high temperature strength, corrosion resistance, and hardnesa.
Ceramica auch as nilicon carbide, silicon nitride and silicon alummium nitride have the
prtential for use {n high performance aircraft enginea and hot section components at
temperaturea comparable to those attainable with superalloys.

However to realize thia potential major problems must be nolved. The brittleness
of ceramics is a major shortcoming. A better understanding of how to avold flaws {n the
manufacturing procens and the development of design approaches suitable for brittle
zaterials are major challenges {n the advancement of high performance ceramics as dia- \
placement materiala for chromjum ccntaining high temperature alloys. d

Jomposite technology is being pursued in all major areas of amaterlals including
poiymers, msetals and ceramics., Conservation of critical materials can result from direct
displacement or from benefite due to a lighter alircraft. Composites repreasent nne of the 5
more rromiaing technical possibllities for displacement of critical chromium by advanced
materi{nla,

e

Kapid solldification processing {8 manother {nnovative materials technology which
promises {mproved high temperature and high strength properties for engine and atructural
applicationa. This technology may lead to improved performance and to conservation of
chromium and other critical metals. American jet engine manufacturers are devoting
substantial research and development efforts to the proceas.

The Concept of Subatitution Preparedness

in conclusion I would like to emphasize the value of an organized effort to gather
and develop information on chromium substitution and conservation and have it ready as a
~ontingency measure in event of a crisis.

As a spokeaman for "subatitution preparedness™, which is hov I referred to my
recommendation, in testimony in the Congresa of the United 3tates, I pointed out that it
is eassential that appraisal and recording of subatitution and conservation procedures in
specific applications be as complete as available information allows. Thus, it {8 recom-
mended that a plan be developed to "stockpile™ this information. Aa research and develop-

. ment programs are developed to plug gaps and create new options for substitution and
~cnaervation, this technological know-how would be added to the information atockpile.

lieeda for additional i{nformation on conservation options should be identified and
defined 80 that regearch and development projects can be assigned to gather data required
to expand capabilitiss in those areas which appear to be sound and achievable with avail-
able meana.

It should be noted that leadtime is very short in an emergency situation. Thus a
stockpile of information on substitution and conservation technology ls also a stockplle
of time, and m valuable, yet relatively low cost supplement to a strategic materials
commodity stockpile.

Programs on substitution and conservation should be an important part of strateglc
planning for individual manufacturing firme. In presentations before company management
groups 1 have -encouraged an organized effort on strategic materials planning, including
the development of substitution and conservation prograss, pointing out that the objec-
tives of a government initiative on substitution technology can be applied to company
research and development programs on alternative materials for present and future products.
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i Much of the inforsation in this paper i{e gleaned from presentationa and discussions
* at tvo industry/government/university/public workshops held at Vanderbilt University,

Nashville Tennessee. The first workshop entitled "Conservation and Substitution Techno-
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Mines. The second workshop entitled "Conservation and Substitution Technology for Chrom-
{um” and "Trends in Critical Mater.als Requirements for Steels of the Puture,” was held
4-7 October 1982 under sponsorship of U. 3. Department of Commerce/National Bureau of
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FIGRE

STEELS TYPICALLY USED IN AIRFRAME CONSTRUCTION

ALLOY STEELS PRODUCT FORMS _APPLICATIONS

4130, 4140 BAR, FORGINGS, TUBING  FITTINGS, FASTENERS,
WELDMENTS

4340, 300M, BAR, FORGINGS FITTINGS, LANDING GEAR

DBAC, 9Ni-4Co STRUCTURE

H-11 BAR FASTENERS

62100 BAR BEARINGS

1085, 6180, 9284 WIRE SPRINGS, CONTROL CABLE

STAINLESS STEELS
17-4P¢l, 18-6PH BAR, CASTINGS, FORGINGS
PH13-8Mo, CUSTOM 455 BAR

FITTINGS, HOUSINGS
FITTINGS, FASTENERS

17-7PH, AMIS0 SHEET, PLATE DUCTING, FITTINGS,
PANS, SPRINGS
3IXX BAR, SHEET, TUBING FITTINGS, CABINETS
OECORATIVE TRIM,
DUCTING
21-8-9 (NITRONIC 40) TUBING HYDRAULIC LINES
440C BAR BEARINGS
A-208 BAR FASTENERS
SOUREE Lockheed Califarnia Company, Vanderbilt Morkshop on Conservation and Sybstitution

TechnoloqQy for Chromium
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CONSTRYRTION OF CHROMIUM ACLOY STEELS
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FIGIRE 3.--Comparison of Properties of High-Chromtum (HC)
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FIGURE 7.--Standard Jominy Hardensbility Band for AIS! 8620
Stee) Compared to the Calculated Hardenadility Band
for the Chrome-Free Replacement Steels.
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POTENTIAL OF METAL-MATRIX COMPOSITES AS
SUPERALLOY SUBSTITUTES
by
. WeLean AD-P004 219
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Teddington, Middlesex TW1l OLW, UK
and
T. Khan
Office Nationa! d'Etudes et de Recherches Aerospatiales (ONERA)
BP72, 92322 Chatillon, Cedex, France
ABSTRACT

‘The potential of metal-matrix composites as gas-turbine blade materials has largely
been judged on the increased temperature capabilities they offer over the strongest
current superalloys. However, several composites that have been rejected on this basis
are either independent of or have low concentrations of critical alloying elements.
Consequently they should be reassessed as reserve materials matching the performance of
existing widely used superalloys that depend on strategically vulnerable constituents.
A review of metal-matrix composites for high temperature applications will be made in
order to identify materials that are insensitive to the supply of critical elements.

An alternative approach might be to consider the potential of regenerating the
original creep performance of certian monocarbide reinforced nickel based composites -
such as Cotac 744 developed at ONERA - after service exposure. In this context the
combination of perfectly elastic fibres in a creeping matrix would imply that high temp-
erature deformation of these materials is almost completely recoverable Hence, one
should judge the potential of these materials in the light of total 1{ expectancy

through both the processing and regeneration conditions rather than frop thetir simple
creep behaviour alone,

INTRODUCTION

The principal motivation for the development of high temperature composite materials
for gas turbine applications appears to have been to exceed the temperature capabilities
of the very strongest superalloys. The aim has been to produce materials with an addit-
ional strengthening mechanism that remains operative after the usual hardening agent of
nickel-base superalloys, viz Y' precipitate, has dissolved in the y-matrix. Alloys
have indeed been described that offer a clear technical advantage (1,2,3) over existing
superalloys; however, processing difficulties affecting the economics of production have
inhibited the exploitation of these materials. VerSnyder (4) has expressed the optimis-
tic view that cost-considerations will only delay acceptance of these materials until
the 1990's; however, there must be a danger that the advantages of these high strength
composites will be superseded by developments in other materials (eg single crystals,
oxide-dispersion strengthened alloys, ceramics).

The aim of *his paper is to reassess the potential of high temperature composites in
the context of the themes of the present meeting., Firetly, they will be considered as
direct substitutes which match but do not necessarily exceed the performance of existing
matertals but which may offer significant advantages of reduced cost or reduced dependence
on certain strategically vulnerable elements. Secondly, the response of composite
materials to post-service rejuvenation procedures will be considered in order to assess
the full potential service lives of components.

The emphasis will be on in-situ, rather than synthetic, composites since they are
broadly compatible with existing investment casting and directional solidification
technoloqgy and, consequently, are more likely to be accepted as direct substitutes for
existing materials. It may be necessary to modify the processing conditions significantly
(temperature gradient and solidification rate) and use different moulding materials in
order to prevent mould-{or core-)melt interactions. However, the basic equipment and
experience ar¢ ‘vailable to allow commercial development of in-situ composites if an
economic Or strategic benefit warrants their exploitation.

CRITICAL METALS CONTENT

Analyses of import dependence of the US on critical metals have recently been
published by Bradley (5) and by Metal Bulletin Monthly (6). These show that of the usual
constituents of superalloys more than 908 of cobalt, chromium, tantalum, manganese and
niobium originate from predominately Third World, South African and Eastern Bloc sources;
consequently their supply is vulnerable to political and/or economic pressure.

:
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situation Ls even more severe for the European industry which is dependent on virtually
1008 of its raw materials so that nickel, titanium, tungsten, wmolybdenum and vanadium are
also of strategic tmportance; the supplies of these elements, from ally nations, are
perhaps politically assured but they are still subject to economic pressures. It would 4
clearly be politic to have alternative materials less depundent on certain critical metals,
available for use in important components in the event of disruption of supplies. It is
unreasonable to consider the total elimination of all strategic elements in a metallic
component; rather we shall describe the structure and properties of composites that have
no or low concentrations of specific critical metals in relation to current materials.
Their compositions are listed in Table 1.

By
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CO-FREE ALLOYS

The mechanisms by which cobalt strengthens nickel-base superalloys have not been cClearly
established (7). Tien et al (7) have surveyed current evidence showing that the presence
of cobalt can influence the volume fraction and solvus of the vy' precipitate, the
stackina fault energy and the carbide chemistry which cumulatively lead to a large effect
that makes cobalt an indispenaible constituent of most advanced nickel-base superalloys.

while the benefits of Co have been incorporated in the development of the most
advanced tn-gitu composites, such as the NITAC (2) and COTAC (1) series, some of the
earlier versions were cobalt-free. However, the processing difficulties, low transverse
ductilities and poor thermal fatigue resistance militate against any commercial exploita-
tion of these materials. The y-y'-CriC; alloy, developed at NPL (8), although not
matching the high temperature strengths of the strongest in-situ composites is both cobalt-
free and compares favourably with many current alloys.

a) Processing. Unlsk? many in-situ composites which must be directionally solidified
very slowly (< 10 mmh~') in very high temperature gradients (~ 20 Kmm~'), y-y'-CriCa
can be successfully prepared at high rates (up to 1000 mmh-1) and in relatively low
temperature gradients. This is similar to the conditions used in the directional solidi-
fication of superalloys. The alloy is relatively insensitive to the precise compositions
acceptable microstructures being obtained from a range of casts made to commercial
specifications (Figure t). It would be necessary, however, to develop new mould and core
materials since there are significant interactions between the melt and the conventional
silica-base shell moulds (Figure 2). However, such a development may alzo be required to
allow effective recycling of directionally solidified superalloys since silicon leached

. from the moulds can apparently weaken the longitudinal grain boundaries in directionally
s0lidified components prepared from revert superalloys.

b) Physical properties. The density of 7.5 Mgm~3J is lower than that of most current
superalloys (similar to IN100) and the melting temperature of 1320°C is as high as present
superalloys.

c) Oxidation/corrosjon resistance. The alloy has excellent cyclic oxidation resistance
assessed by laboratory thermogravimetric tests and metallographic examination; this has
been confirmed in burner rig tests performed by Rolls-Royce Ltd at 1323 X in an atmosphere
containing 4 ppm NaCl. The results, shown as depth of attack as a function of time in
Figure 3, compare favourably with previous data for typical stator and rotor blade alloys

(C 1023 and MarMoo2 respectively). Indeed the uncoated y-y'-CriC; has similar oxidation
resistance to aluminised superalloys.

in the more severe corrosion rig test for 30) h at 850°C with fuel impurities of 0.15 '
sulphur and 50 ppm NaCl tnjected in the atmosphere there is no detectable loss of section
although IN713 is severely affected in these conditions (Figure 4). i

d) Mechanical Properties. The stress rupture data for y-y'-Cr3C; are compared with
- those for currently avallable materials in Figure S. The absolute comparison of 1000 h
F . rupture stresses, relevant to stator blade applications, shows a substantial benefit
over current stator alloys. A density compensated comparison, of interest in relation to
¢ rotating components, shows that y-y'-CrjC; matches most blading alloys in the appro-
priate stress range. In addition y-y'-ér;Cz has adequate impact, fatigue, thermal
fatigque, notch sensitivity and transverse creep behaviour.

FERROQUS-ALLOYS

Although the NATO nations have a reasonably assured supply of nickel, there would be
both cost and technical advantages if iron-base alloys could replace nickel-base super-
alloys for certain applications. As with y-y'~CrjC;, the processing condittions for
in-situ composites with MN7C3 reinforcement in Ni, Co or Fe matrices are broadly
compatible with current coT-orclal directional solidification practice, economic solidifi-
cation rates of -~ 30 mmh” being possible 19;. A typical microstructure of an (Fe, Cr)-~
Cr,Cy in-situ composite solidified at 30 smh”™' is shown in Figure 6., Several studies of
such” iron-base alloys have been reported (10,11,12) and the current status of these
materials is summarised below.

a) Physical Properties. The alloys have low densities (- 7.3 Mgm~2) and melting
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temperatures of - 1200°C.

b) Oxidation/corrosion resistance. Iron based alloys containing aluminium and chromium
together with minor additions of active elements (such as yttrium, cerium or lanthanum)
have outstanding oxidation and corrosion resistance but are relatively weak. There has
been considerable success in {ncreasing the creep strengths of such materials, by incor-
poratina carbide fibres, while retaining the excellent surface stability. The alloys
with ferritic matrices tend to have better oxidation resistance than those with austen-
1tic matrices although the latter have improved creep resistance. Fiqure 7 indicates the
critical role that yttrium plays in improving the oxidation resistance.

c) Mechanical Properties. The stress rupture data are summarised in Fiqure 8 as plots
of the stress to cause rupture in 100 h as a function of temperature. Information on
current iron- and nickel-base superalloys are included for comparison. The ferritic
in-situ composite (NPL A) shows a very substantial strength advantaqge over the single-
phagse FeCrAlY alloy which is finding increasing commercial application. However, the
combination of strong fibre and weak matrix would be expected to lead to poor thermal
fatique resistance. Conversion of the matrix to the austenitic form has the dual effects
of substantially increasing the rupture strenqth (Figure 8) and of giving better thermal
fatique performance. Two approaches have been taken to stabilizing the fcc form of the
matrix by substitutinag riickel (11) (NPL B) or manganese (12) (UTRC) for iron. Both lead
to similar stress rupture properties with about three times the rupture strength of the
ferritic alloy. More importantly, they exceed the performances of advanced austentic
ferrous alloys (CRM-6D} and of some nickel-base superalloys (Nimonic BOA, 90). Indeed
with suitable density compensation these alloys are comparable to the strongest wrought
superalloys (Nimonic 115).

CHROMIUM-FREE ALLOYS

Chromium is, perhaps, the most vital constituent of superalloys imparting the required
oxidation/corrosion resistance; however, it is also among the most vulnerable to
political or economic pressure. Rapid developments in coating technology, the subject
of other sessions at this meeting, give the hope of using chromium-free or low-chromium
alloys as the main structure of a component which can then be protected by a corrosion
resistant coating. Several studies have been made of in-situ composites in the
Ni-Al-Mo (3,13,14) system which show some promise. These range from alloys having
superalloy-type y-y' matrices reinforced by a-Mo fibres (3,13) to y'-a {(14) eutec-
tics.

a) Processing. These alloys can usually be directionally solidified at relatively high
rates {up to go or 40 mmh~1) but this rejuires very high temperature gradients. Thus
exploitation of these materials would require substantial modifications to the current
commercial directional solidification equipment and procedures. Also the dependence on
coatings would introduce a substantial cosat penalty,

b) Physical properties. This family of alloys has melting temperatures in excess of
1zso’c'Lanﬂe‘P'n-'x'2z!u' s of about 8.5 Mgm-3,

c} Oxidation/corrosion resistance. The total absence of chromium means that these
materials have very poor Intrinsic oxidation resistance. Some preliminary work has been
carried out to determine their compatibility with coatings, but a great deal of further
work would be required before such composite/coating systems could be exploited.

d} Mechanical properties, y-y'-a shows a substantial temperature advantage in stress
rupture testing over all available directionally solidified and single crystal materials
(Figure 9). Harf (13) has demonstrated that suitable heat treatments can give the
material adequate shear creep performance and, like most in-situ composites the fatigue
properties are very good.

ECONOMIC CONSIDERATIONS

The basic raw material costc of the various alloys described above, at 1980 prices,
are listed in Table 2 together with similar information for current and projected rival
materials. There is a clear potential cost advantage in all of these materials (f they
can be shown to be technically acceptable. The most advanced in-situ composites, such
as COTAC 744 and NITAC 3-116A are presently much more expensive. However, one must
consider the future usefulness of these materials both {n terms of specific applications
and the potential for savings through multiple service/rejuvenation cycles. Perhaps the
most promising application of monocarbide reinforced eutectics is in small aeronautical
engines (¢ 1500 kW), Here the use of advanced cooling technolugy is extremely difficult
due to the small dimensions and thin sections of high pressure (HP) blades. It ts not
surprising that even the most modern small engines generally use solid uncooled blades.
The turbine inlet temperatures (TIT) can therefore not be increased substantially as in
the case of large gas turbine engines which benefit from the latest cooling technolegy.
However, the present trend towards higher TIT for achieving a higher specific thrus. will
either require cooling of these already very thin airfoils or use of materials capable
of sustaining higher temperatures. Belaygue (13%) has discussed and analysed in detatl
the various complications arising from an increase in TIT from 1030° to 1200°C which
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will necessitate the introduction of cooled blades in these small engines if conventional
materials are used.

Since some advanced esutectic composites give a temperature gain of about 75°C over
presently available DS superalloys and about 50T over current single crystal alloys, the
use of uncooled eutectic blades for such specialised applications may be viable. Examples
of such components are shown in Figure 11,

COMPONENT RECYCLING

Ancther interesting property of certain monocarbide reinforced eutectics allows the
original creep performance to be regenerated after service exposure. Therefore the over-
all economics of these basically expensive materials must take into account the life that
can be achieved by multiple service/regeneration cycles.

The creep deformation of composites consisting of refractory fibres entrained in a
relatively weak matrix is quite different from that in superalloys. When the fibres and
matrix have widely different melting temperatures as, for example, NbC or TaC in
nickel (eg tn COTAC and NITAC alloys) it is unlikely that both phases will creep. Indeed
transmission electron microscopy shows no carbide dislocations after creep at temperatures
up to 1100°C. Rather, in service conditions the fibres, operating at very low homologous
temperatures, will deform elastically gradually off-loading stress from the matrix to the
fibres. The elastic deforma.ion of the fibres is recoverable by heat treatment. This
effect was first proposed and demonstrated by Khan et al (1) who designated it the
“length memory effect™.

Specimens of COTAC 744, whose microstructure is shown in Figure 12, were creep tested #
at various temperatures and stresses to about 1.2% strain in 200 to 300 hours. Previous
work had shown that fibre fracture did not occur until about 1.3 to 1.6% strain. The
specimens were re-heat treated without load (20 mins at 1200°C, AC + 16 hours at 850°C/»
and observed to contract to virtually their original lengths as documented in Table 3.

On re-~testing, the material had similar properties to the virgin material. Consequentl:
the life expectancy of such materials can, in principle, be substantially extended by
repeated rejuvenating heat treatments and an effective evaluation of the potential of
advanced in-situ composites should take this into account. Clearly, the number of cycles
that can be used in practice will depend on the dominance of other factors such as
corrosion or fatigue crack growth.

Ll

Not all in-situ composites fully exhibit the length memory effect. For example, heat
treatment of creep tested y-v'~Cr3C; results in recovery of only part of the creep
strain, the extent of recovery being greateat at low temperatures (Figure 10). This is
probably due to the relatively high homologous temperature of Cr3C,, particularly at
825°C, resulting in creep of the fibres.
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An important consequence of the stress carrying capacity of elastic fibres is that
established extrapolation procedures, such as Larson-Millar plots, that have evolved for
conventional engineering alloys, will always underestimate the long term propertiss of
in-situ composites. In a recent theoretical treatment, McLean (16) has shown that for
elastic fibres in a creeping matrix there is:

a) no steady state deformation

b) a decreasing creep rate that approaches zerc when all of the stress is carried by the
fibres

¢} a break-down in the linear relationship between log (stress) and log {(creep rate at
1% extension) or log (time to 1% extension) at low stresses where the creep perform-
« ance is much better than indicated by data extrapolation.

COMNCLUSIONS

Although in-sity composites have so far failed to meet the combined economic and
technical targets lor premier components such as HP1 turbine blades, at least some alloys
s appear to offer less direct benefits that could be of fmportance in the event of disrup-
tions of supplies of critical metals

e _—

a) vy=y'=Cr,C is a cobalt free alloy with good oxidation resistance and comparable
ntronqtg eo mOst existing superalloys.

b) Several iron-base composites with N;C; reinforcement having no or little nickel,
combine good oxidation resistance with the creep performance of many nickel-base
superslloys.

¢} v-vy'~-a is & high strength chromium-free alloy that may have uses in combination with
protective coatings.

In addition, the potential of the most advanced composites, such as NITACI-~116A and
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COTAC 744

(or their derivatives), may not be fully apprectiated for the following reasons: %
1) Time-dependent deformation in alloys with highly refractory fibres i{s totally recover-

able so that the oriainal properties can be re-established several times by heat treat-
ment .

2) Extrapolation of short-term data always provides a pessimistic estimate of the long

term performance of in-situy composites.

LN Bt LT

Introduction of cooled HP blades in small engines (< 1500 kW) may not be a practical
way of increasing the overall engine efficiency and consequently the higher temperature
capabilities of some eutectic composites may cffer an attractive solution.

REFERENCES

t. T. KHAN, J.F. STOHR and H. BIBRING in Superalloys 1980, pp 531-540, edited by

J.K. Tien et al, American Soclety of Metals, Metals Park, OH 1980.

2. C.A. BRUCH, R.W. HARRISON, M.F.X. GIGLIOTTI, M.F. HENRY, R.C. HAUBERT and C.H. Gay,
Proc, of Conference "In-Situ Composites 111, pp 258-267, edited by J.L. Walter et al,
Ginn and Co, Lextngqton, Mass., 1979,

3. M.F, HENRY and M.R. JACKSON, NASA report CR-159416 (1979).

4. F.L. VERSNYDER in "High Temperature Alloys for Gas Turbines 1982". pp 1-%0, edited
by R. Brunctaud et al, Retdel Publishing Co., Dordrecht, Holland (1982),

5. E.F. BRADLLY, "Critical Metals - Conservation, Recycling and Substitution”, AGARD 7
discussion paper, 1982, .

. Metal Hulletin Monthly, "How Strategic are Strategic Metals?" pp 43-60, August 1982. E

7. J.K. TIEN and R.N. JARRETT, in "Hiqh Temperature Alloys for Gas Turbines 1982", :

) pp 4231-446, edited G.R. Brunetaud et al, Reidel Publishing Co., Dordrecht, Holland
(1982} .

8. E. BULLOCK, P.N. QUESTED and M. McLEAN, Proc. of Conference "In-Situ Composites III",
‘ pp 420-410, edited by J.L. Walter et al, Ginn and Co., Lexington, Mass (1979).

RN

> 9. V.W. HILDEBRANDT and P.R. SAHM, J. Mater. Sci., 13, 1031 (1975).

— E

10, J. VAN DEN BOOMGAARD and A.M.J.G. VAN RUN, Proc. of Conf., on In-Situ Composites, ;

F '61, edited by F.D. Lemkey and E.R. Thompson, NMAB Report 308-11, National Academy g

n¢ Sciences, 1973, 3

3,

11. F.N. QUESTED, D.E. MILES and M. McLEAN, Metals Technology, 7, pp 433-440 (1980). @

’ .

12. F.D. LEMKEY, E.R. THOMPSON, J.C. SCHUSTER and H. NOWOTNY, Pr..-. of Conf. "In-~Situ E

, Composites IV®, pp 31-50, edited by F.D. Lemkey et al, North Holland, NY ( . £

) A
13. F.H. HARF, Proc. of Conference "In-Situ Composites III", pp 399-409, edited by -? :

J.L. Walter et al, Ginn and Co, Lexington, Mass 1979, :

3T

14. D.D. PEARSON, Proc, of Conference "In-Situ Composites III", pp 389-398, edited by
\ J.L. Walter et al, Ginn and Co, LexIngton, Mass 1979,

P. BELAYGUE, AGARD Conference Proceedings 229, High Temperature Problems in Gas o }
« Turhine Engines, 1977, -

1o. M. McLEAN, "Directionally Solidified Materials for High Temperature Service", Book
296, The Metals Society, London, 1983.

It




Table 1. Compositions of in-situ composites
(wt¥)
Alloy Ni Co Cr | Al C Fe] Mo I W Ta Nb| Mn Y v Re
b -
a) w-y‘-Cr1C2 bal - 12.3]6.9(1.8 - - - - - - 0.5 - -
L
b) Fe-base
NPL A (ferritic) - - 33.2[13.2{2.6 |bal - - - - 0.8f{ - -
NPL B (austenitic)] 15.0| = 18.213.2(2.6 | bal - - - - 0.8] - -
UTRC {austenitic) - - 20.0{ - |3.2 {bal} - - - - {10.0] - - -
Y- = bal | - ~ le.0}- - 132.0- | - o -1 -
V- bal - - 2.2¢~ - l2v,0f~ [35.9] -~ - - - -
Jd) COTAC 744 bal 10 4 6 0.47) - 2 10} - 3.8 - - -
NITAC 14B bal 3.7] 1.9/6.5]0.24} - - -l c.2| - - 4.216.3
b e 11
Table 2. Raw material costs of in-situ composites and
conventional high temperature alToys. (1980) prices.
Cost
Alloy E/Kg
-y '=C - \
[ (.l'z(.z 5.3 i
Fe-base i
NPL A | :
NPL B 1.5 - 4.0 i
UTRC
} in-situ composites
-1 '-a 9.5 i
vi-a 53.7 ,
CCTAC 744°* 12.5 ‘
i
NITAC 14B°* >20 )
IN 738LC 1.3
IN9 39 14.0 !
IN 100 1.4 b superalloys
Mar M002 16.3 '
X-40 25.2 j

* The low yleld of COTAC and NITAC alloy components due to slow processing
rates and the small number of blades produced per cycle may lead to a
substantial premium on the processing stage over the cost of D5 and
single crystal superalloy castings,

Table

3. Improvement in stress rupture life of COTAC 744
after repetitive heat treatments

Creep test Time to
conditions Gauge length mm rupture, h
Temp Stress ist Heat 2nd Heat -
o MPa Inicial creep treat creep treat cumulative un-interrupted
850 400 30.02 30,40 30.06 30,42 130.10 1040 700
900 310 29.98 30.36 30.08 30,35 30.08 1303 700
1000 220 Jo.00 30.36 30.06 o2 200
- — ——— e e T R -

,iiil

L

Sp——




P

9.7
i
]
:
Fiaqure 1. Micrographs of {a) longitudinal
and (L) transverse sections of y-v'-Cr3C;
directionally solidified at 30, mm h~™ n
a temperature gradient of -~ 13 Kmm=1, :
300, . . '
200y “
[
kY
5
H b 10 ym
: —
&
& 100 .

4 Fiqure 2. Transverse sections of y-y'-Cr3C;
directionally solidified in (a) a conven-
tional silica-bound shell mould and

{b) recrystallised alumina.

»
oot tome (n)

Figure ). Depth of penetration of corrosion
products during burner rig tests at 1323 K
with 4 ppm salt.
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Fiqure 4. Comparison of sections of E
(a) +-v'~CrjC; and (b) IN713LC after
burner rig tests at 850°C for 300 h, §
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— 3
Fiqure 6. Microaraphs of (a) longitudinal :
and (b) transverse sections of the 3
FeCrAlY-Cr5C; in-situ composite (NPL_A) H }
00! directlon511y soTid[fied at 300 mmh~'. ! L
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Figure 8. Stresses to cause rupture in 100h Fiqure 7. Comparative weight changes during
as a function of temperature for ferrous cyclic oxidation testing of ferrous
in-situ composites. Data for conventional in-situ composites.

ron- and nickel-base alloys are included
for comparison.
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Figure 11. Pinished uncooled blades of the Figure 12. Typical microstructure of a
COTAC 74 in-situ composite. y=y' monocarbide reinforced COTAC

sutectic (transverse section of COTAC 74
showing NbC fibres embedded in a y-y'
matrix).
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MANUFACTURING DEVELOPMENTS TO REDUCE STRATEGIC MATERIALS USAGE
by :
M. M. Allen, D. S. Halfpap. M. A. Sfegel *
Pratt and Whitney Aircraft Group
Government Products Division
P. 0. Box 2691
West Palm Beach, Florida 33402
o D AD-P004 22
ABSTRACT

The worldwide shortages and price escalations of cobalt, titanium, tantalum and other
key elements in the late 1970's instigated manufacturing development programs to reduce
their usage in gas turbine engines. This paper describes several programs which provided
sfgnificant results in reducing raw material requirements, that have been reduced to
practice The programs include forping and casting complex parts to near net shape,
recycling of machining scrap and used parts, repair and refurbishment of damaged or worn
parts. and component retirement for cause. In addftion to reduction of strategic material
usage, these programs have resulted {n lower cost parts due to reduced material input
requirements and less machining.

INTRODUCTION

The spectacular growth of the aerospace industry in this century has been, {n no
small way, made poasible by the accompanying growth {n materials and process technology.
In the span of a lifetime, we have been witness to the growth in aircraft capabilities
from the wood and canvas aircraft with their piston engines made from off-the-shelf iron,
steel and aluminum alloys, to the modern gas turbine powered aircraft of today. These
advances required the development of specialized titanium, aluminum, and superalloy
materials with high strength-to-density ratios, and very high temperature capability.

To achlieve these ?evels o% performance, alloying elements such as cobalt, chromium,
nickel, tantalum, titanium, and columbium were required. These elements are highly import
dependent, as can be seen {n Figure 1, being mined in some areas of the world which have
been highly volatile over the years. Their importance to modern aircraft production
coupled with their high import dependence has led to their classification as '"strategic
materials * Table I shows the amount of atrategic materials that are required to make

an F100 engipne.

The first non wartime connected disturbance in the availability of strategic materials [
occurred in 1977 when civil disturbance in Zaire interrupted the mining of cobalt containing ;
ore and resulted in allocation of supplies to users. This was accompanied by severe L
escalation of price ranging from 500; for producer cobalt to as high as 1000% for free
market material. At the same time production requirements for civil and military aircraft ’
and engines was high which aggravated the problem. Accompanying the cobalt problem were
shortages in other key elements such as tantalum and titanium. The titanium shortfall
was not due to a shortage of raw material (rutile) but rather was caused b i{nsufficient
equipment required to convert rutile to sponge.

MANUFACTURING DEVELOPMENTS : '?

These shortages, which lasted for several years, resulted in programs at aircraft
and engine manufacturers to reduce the usage of strategic materials. The programs
initiated at Pratt and Whitney Aircraft at that time consisted of five basic elements.
Firast, efforts were initiated to substitute alloys with less strategic material content,
or to develop new alloys with less strategic material content. Second, a major manu-
facturing technology program was initiated to reduce input material requirements for
forgings and castings and to revert scrap material. Third, grogrnnn were started to
repair and restore glmngcd or worn parts. Fourth, a major effort to extend the cyclic
life of rotor components was undertaken in the USAF Retirement for Cause program, and
fifth, advanced technology engine designs were initiated with greatly reduced parts count.
This paper will primarily address the reductions in strategic materials achieved through
manufacturing technology, component repair and rejuvenation and yetirement for cause.

It should be recognized that there are no basic strategic materials problems at this
time Cobalt is available at 1976 prices, and titanium sponge produgtion capacity is more
adequate. But, it should also be recognized that the primary source of relief from
strategic materials problems has been the worldwide recession in the aircraft 1nduutt¥.
with credit also to the strategic materials programs started in 19/7. The potential for
strategic material shortages and price escalations still exists particularly as new
aircratt and engine orders increase.




In the area of manufacturing technology, two generic parts categories offered the
promise of significant savings. Fan, compressor, and turbine disks have traditionally
involved significant_scrap in machining to final shape from conventional forgings. The
advent of GATORIZEDGDnuperplnstlc forging of superalloy and titanium disks resulted in
considerable savings in input material due to the inherent capability of forging closer
to net shape. The GATORIZING process developed by Pratt and Whitney Aircraft takes
advantage of the phenomenon of superplasticity of certain alloys, where the amount of
energy needed to deform the metal diminished by producing the right structure and grain
size Figure 2 shows greater than 507% raw material savings in a typical Fl00 engine disk
from conventional hammer or press forging compared to GATORIZING.

-2 §
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Refinements to the GATORIZING process were made to further reduce input material and
reduce cost. Figure 3 shows a 40% reduction in input material for nine F100 components
progressing from prototyne GATORIZED forgings to today's production. Much of this
technology was developed by Pratt and Whitney Afrcraft under U.S. Air Force Materials
Laboratoryv sponsorship.

The second area that has historically required very high quantities of raw material
is large structural engine cases. Typically these cases are made from forged rings and
struts which require extensive machining and joining. Under U.S. Alr Force sponsorship,
Pratt and Whitney Aircraft initiated a manufacturing technology program to apply and
scale up conventional casting techniques to large cases. Initially, individual struts
and rings were cast and tested for structural adequacy, and finally entire cases were
cast in one piece as shown in Figures 4 and 5. The results of this technology are being
incorporated in production engines. To date a reduction of 507 has been achieved, with -
potential for even further reduction as the technology continues to mature.

In 1977 when the pinch of cobalt and titanium shortages were first felt, an immediate
action that was recognized was to utilize scrap material more effectively. Traditionally,
aerospace scrap had been sold to dealers and downgraded for uses in less critical
applications. To keep scrap material within the industry, {t was necessary to segregate
scrap material to prevent cross contamination and maintain chemistry control, and to
develop processes for degreasing and removal of cutting tool material. Several government/
Pratt & Whitney Aircraft sponsored prugrams involving both cast and wrought titanium and
cobalt cun(aining superallovs were initiated and carried through successfully. As an example,
high volume ININD chips from F100 cngine disks were kept segrepated from other scrap, were
deyreased and cleaned, packaged and returned to melters for reuse. After laboratory and
engine tesring, eighty percent of the chins ended up in new disks with as much as 1007
revert. Figure 6 shows the revert cvcle that was developed and put into production.

Another key technology area that was identified to have significant potential for
reduction in strategic materials requirements was component life extension through
rejuvenation and repair. Programs were initiated under U.S. Air Force Materials Laboratory
sponsorship and Pratt and Whitney Aircraft to rejuvenate and restore to service previously
scrapped parts. This not orly reduced the need for new parts and raw materials, but also
provided significant cost savings to customers. Two typical examples of parts that have
been rejuvenated are a first stage turbine vane and a large structural case. Both parts 3
are of superalloy construction, the vane being cast and the case fabricated from sheet-
metal and forgings. Vanes with platform cracks, leading edge erosion, and airfoil cracks
in Figure ’ were subjected to hot isostatic pressing (HIP), and weld repair. The
successful repalr procedure was implemented in the %1eld early in 1982 and is saving
35,000 pounds (15,910 kg) of cobalt containing alloy a year as well as an annual cost )

savings of 10 million dollars. *
The cases have been resolutioned, weld repaired, reaged and returned to service. ; '

The rework cost on a typical case is less than 10% of the cost of a new case. Figure 8 i

shows that 4,288 pounds (1,950 kg) of input alloy are saved for each set of three cases ;

which can be rejuvenated The largest part, a diffuser case, requires 2,820 pounds 2

(1.280 kg) of superalloy to produce.

Potentially the most significant single program for conserving strategic elements
short of complete engine redesign {s extension o% the useful life of critical rotatin

parts through the use of Retirement for Cause (RIC) methodology. The PWA/USAF RFC effort
started i{n ?979 and could be implemented as early as 1985 in engine overhaul centers.
Traditionally, cyclic 1{fe 'imited gas turbine engine components have been retired from
service when they reach an analytically determined lowe:mgound 1ife where the first fatigue
crack per 1,000 parts could be expected. Be definition, 99.9% of these components are
being retired prematurely as they have (as a population) considerable useful life remain-
ing. RFC is a procedure which would allow safe utilization of the full life capacity of
each individual component. Since gas turbine rotor components are prime candidates and

are among the most materfal intensive of engine components, adoprion of & RFC maintenance
philo-opgy could result in substantial material savings. A study conducted on 21 Fl00
rotating parts showed that 3,050 short tons (2,775 MT) of strategic materials could be
saved over the life of the system through the fmplementation of RFC methodology (Table II).
A major technical area being worked to achieve the potential savings is automated non-
destructive evalustion. Computer driven systems such as that shown in figure 9 are being
developed to enhance flaw detection reliability and reduce inspection costs.
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Finally, the greatest savings in strategic materials will be accomplished when
improved engine designs are implemented with 307 fewer parts. These advanced technology
engines will utilize new materials including non-metallic composites which are desfgned
to minimize our dependencv nn foreign sources Near net casting and forgings will be
extensively utilized Facilities such as the PWA disk facility under construction will
be designed to more etfectively handle scrap and reduce recycling cost. Components witl
he Jdesigned to meet stringent durability goals to maximize component life. Table 111
compares the Fl100 engine strategic materials to an alvanced engine of the 1990's and
shows an overall reduction {n strategic material utflizatfon of 607%.

While most of these efforts were initiated during the perind of strategic materfal
shortages, their worth {s still apparent in cost savings even though strategic materials
ire sufticientlv available todav In the event of future interferences in the flow of
materials. thev will wreatlv reduce the impact.

Columbium Brazil, Canada, Thailand
Cobait d | Zaire, Zambia
Tantalum - | Indonesia, Zaire, Canada
Titanium - | Australia, S. Africa
Aluminum J | Australia, Guinea, Jamaica
Chromium -1 | S. Africa, Rhodesia, USSR
Nickel | Canada, USSR, Austraiia
L 1 |

0 25 50 75 100
import dependency, %

Figure ] Import dependency and sources of seven elements termed strategic

input (Ib) Finished parts (Ib)

Titanium 5440 798 -
Aluminum 670 121
Tantalum 3 05
. Columbium 145 31
g Cobah 885 142
Chromium 1485 217
Nickel 4504 619

' Table 1. Amount of strategic materials required for an F100 engine

t

i L T




10-4

Conventional forging = 142 ib

GATORIZED® forging = 60 Ib
Finished part
=277

Figure 2 Cross sectional comparison illustrating greater than 507 material savings

achieved by application of the GATORIZING forging process to a typical

F100 engine disk
17 MCHES

Figure 3} Refinements to the CATORIZING process allow a 40% reduction in input material

on a set of nine FI100 engine parts
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1100
P 1
450
Intermediate compressor case Fabricated Cast
Figure &4 Large precision titanium castings save greater than 507 input material
relative to cases fabricated from forgings
460
Input .
Ib ;
i
) +
Turbine exhaust case :
: Fabricated Cast .
‘ Figure 5- lLarge precision nickel base superalloy castings use 502 less input material 3

than cases fabricated from forgings
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[ Parts | Collect i
: turnings 3
i [ F100 engine | i ;
: {  Inspect |
:’ ] :
| [Crush and clean|
f _' In-process and ;
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Package and
| v ; L ship to melter
I e e e R &
1 Recycle | ;
Figure 6 Schematic of machining chip reclamation process used in the production of i
F100 engine disks 3
#
Platform }
cracks :
Leading .
odge i
erosion £
k

Alrfol
cracks

Al
- ——

- LR

v

Repaired vane

* Repair cost - 30% of new part cost

- * Annual alloy savings - 35,000 Ib 2
. * Annual cost savings - $10M/yr \©
|
Figure 7- Turbine airfoil repair conserves strategic materials and reduces cost

ownership
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Input i
Superalioy 3
Part b ‘:
Diffuser case 2820
Turbine exhaust case 2400
Transition case ) loes
Savings/engine set 4288
Figure 8 Rejuvenation and repatir of large nickel base superalloy engine cases conserves
strategic materials
Tons saved
Material Al Co Cr N Ti Cb/Ta
Ti 6-2-4-8 37 - - — 505 —_
Waspaloy 9 81 120 355 18 -
Astroloy 24 102 90 333 21 - : i
IN100 70 262 175 787 61 05 | ‘
Total 140 445 385 1475 605 0.5 7
Total, all elements 3.050 ! '
! Table II: Strategic materials conservation potential for F100 engine rotor part

Retirement for Cause Program
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Figure 9 Advanced non-destructive evaluation systems are key to part life extension
Today LB 1990's LB % saved
Titanium 798 300 62
Aluminum 121 75 38
Tantalum 0.5 10 -
Columbium 31 2 94 :
Cobalt 142 20 86 - |
Chromium 217 85 61 ’
Nickel 619 275 56 : 9
¢y
engine §
] . Table 111 Fewer parts and advanced materials and manufacturing methods reduce strategic
. materials by 60% in advanced engines

i g 1 e e e

T e e — AR ¥ e A p——




AD-P004 221

PRACTICAL IMPLICATIONS )F THE USE OF ALUMINIDE COATINGS FOR
THE CORROSION PROTECTION OF SUPERALLOYS IN GAS TURBINES

by

A. Strang Central Metallurgical Laboratories.
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Cambr idge Road.
Whetstone.
Leicesgter.
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United Xingdom.
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Commission of the European Communities
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P.O0. Box 2
1755 2G Petten.
Netherlands.

& R. Pichoir ONERA
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SUMMARY

Aluminide coatings have been in use for some considerable-time as a means of
protecting nickel and cobalt based superalloys from oxidation and hot corrosion
attack in both aero and industrial gas turbines. Their practical usage however has
not been achieved without problems. 1In exsmining the overall role of coatings in
achieving or prolonging component life, their advantages and disadvantages have to
be considered most carefully, especially as the diversity of potential substrate
alloys increases. ‘The primary objective of this paper is -thexefaore to consider in
some detail the nature of the difficulties incurred in the pack aluminising of
superalloys, especially in terms of prolonging component life without prejudice to
performance, integrity and safety of the engine.

In coneidering this, the paper will tirst of all review the objectives and
requirements of using aluminide coatings, the processes currently commercially
available, the compatability of aluminide coatinga with various superalloys
substrates as well as the more general quastion of overall quality control of both
the coating and the coated component. The properties of coatings themselves will
be considered in terms of their corrosion resistance, overall thermal and
structural stability, and effect on the mechanical properties of the substrate.
Pinally, the problems of long term corrosion protection will be examined in terms
of the practicalities of reclaiming and recosting of ex-service turbine parts with
view to extending component life and conservation of critical natorla;;,

INTRODUCTION

Modern aero and industrial gas turbines are expected to function for prolonged
periods under a wide variety of operational and environmental conditions with the
maximum degree of reliability. Additionally, both operators and utilities expect
extended engine and component lives at progressively higher power outputs in a
climate where increased engine tiring temperatures and decreasing fuel quality are
becoming the rule rather than the exception. As a result of such demands, current
endine developwment is aimed at improving efficiency and celiability as well as
extending component life and reducing operating costs. The use of higher component
stresses and engine firing temperatures in combination with progressively poorer
grade fuels leads to severe metallurgical problems in the selection of suitable
materials for prolonged and reliable hot component opecrstion.

Historically, the demand for improved component life at higher stcesses and
operating temperatures has been met by alloy developments which, while leading to
significant improvements in strength, have invariably been associated with poocrer
corrosion resistance. Whilst in the age of pure fuels this 4id not constitute a
serious problem, the poorer corrosion resistance of these high strength alloys
could lead to significent reductions in component lives in turbines which are tun
on low grade fuels, of in environwents where agressive species may be present in
the turbine air intake supply.

During the past decade further alloy developments have taken place in an attempt to
isprove corrosion resistance without loss of properties mainly by Introducing
higher chromium levels. 1In the case of wrought nickel base alloys, corrosion
ctesistance variants of Wimonic 80A, 90 and 105 have emerged, viz, Wimonic 81, and
101, while in the field of cast alloys IN738 and INS}9 are notable in having
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similar strength but improved corrosion resistance to the well known workhorse
alloy IN713. Some improvements have also been achieved in the field of cobalt
based alloys, FSX414 being a weldable, corrosion resistant derivative of X40.
Althought such developments are highly desirable from the point of view of
improving component lives in agressive environments, components tend to be much
more expensive to produce. This is due to the corrosion resistant alloys being
richer in expensive alloying elements particularly chromium, as well as often
requiring more sophisticated and costly heat treatments to develop their
properties. As a result of this, and in an sttempt to conserve strategic
materials, there has been a movement to resort to the use of corrosion resistant
protective coatings on less sophisticated and hence less expensive alloys. Whilst
the cost of coating can be significant in itself, it is often the case that in
combination with a cheaper basic alloy the required component life and performance
can be achieved at an overall lower cost to the user. In situations where an
improvement in life is achieved the overall financial benefit to the user is
further improved.

During the past decade extengive developments and improvements have also been made
in the field of corrosion resistant coatings. As a result commercial coatings are
currently svailable in a wide variety of compositions and forms which are applied
to the substrate concerned by an equally wide variety of processes. Essentially
these coatings can be divided into two groups which have been designated as
reaction or diffusion type coatings and overlay coatings. In the first type, the
coating is procuced by a controlled chemical reaction with the surface of the
component to be protected. Overlay coatings on the othec hand are produced by
deposition of the protective covering by a variety of techniques such as
sputtering, physical vapour deposition (PVD), argon shrouded plasma spraying (ASPS),
and low pressure plasma spraying (LPPS) before being partially diffused into the
substrate by means of a suitably chosen heat treatment. Whilst the use of coatings
is clearly advantageous from the point of view of protection of compopents from
agressive species in the turbine, there are features of the processes involved
which, if not suitably accounted for, could lead to reductions in component lives.
Whilst, as already noted above, there are a great number of commercially avajlable
coatings and coating processes currently avajilable for the protection of hot gas
turbine components, it is the intention of this paper to concentrate on those
produced by reaction or diffusion type processes, in particular the aluminides.

Aluminide protective coatings have been in use on nickel and cobalt based
superalloys in gas turbines with a considerable degree of success since the 1950°s.
- As a result a considerable amount of experience has been gained in aservice
applications. Initially this was primarily in the aero engine field where short
lives and high temperatures prevailed, the presence of the coating enabling the
design life to be achieved in situations where oxidation and hot corrosion was life
limiting in the engine. As operating temperatures increased in industrial
applications, the use of aluminide coatings also became necessary in order that
blade design lives could be achieved and in certain circumstances even extended.
In these situations blade lives of 20,000 hours or greater were expected compared
with up to 1000 hours in the case of the aero engines. Whilst the use of aluminide
coatings in these applications was generally advantageous a number of problems
emerged in their wuse. In considering the use of aluminide type coatings in
practice both t:» advantages and disadvantages have to be considered for each
particular service application. §

As far as advantages are concerned, trne following points are relevant:-

1. The use of coatings potentially prolongs the lite of the component in the
engine and as such conserves both materials and resources. This means that
in the long term fewer engine sets of blading should be required over the total
life of the turbine.

2. The use of coatings allows cheaper and less corrosive resistant materials to
be used thus conserving strategic materials. ; 9

3. The use of costings permits the use of cheaper fuel without any penalty to the
life of the component.

e e
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4. The use of coatings permits the recovery and/or recycling of parts, by
limiting corrosion damage to the top part of the coating only. “

S. All in all, the use of coatings results in significant economic savings in
materials, resources and fuels as well as limiting the exploitation of
/ strategic materials, i.e. their use is cost effective.

Whilst the above indicates that there are clear econosic and technical advantages
' in ustng coatings, there are & number of potential disadvantages:-~

1. The costing process adds to the cost of pr-Jucing the final component in
teras of the coating process used, ¢.g. platinum sluminide coatings are
significantly more expensive than simple aluminide coatings. Whilst there is
initially an added cost, this may be more than recovered by the expected
extension {n component life.
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2. The coating process may prejudice material properties leading to a reduction
in component life.

3. The use of coatings necessitates the use of expensive reheat treatment t
components to achieve the required specified properties.

4. The presence of defects in the coating can affect component and hence =
turbine integrity.

Considered as a whole, however the advantages generally outweigh the disadvantages
since most disadvantages can largely be overcome by the use of suitable post
coating heat :reatments and quality control measures.

The overall aim should therefore be to use the cheapest and most effective process
appropriate to the particular turbine application being considered consistent with
achieving the maximum degree of protection without compromising the mechanical
properties of the component or prejudicing the overall component life expectancy.
An awareness of the various coating processes and their effect on material
properties is therefore important. This will be considered in this paper
particularly from the point of view of aluminide coatings.

COATING PROCESSES

The commercial processes currently most widely used for the application of
aluminide coatings to superalloy substitutes are those of chemical vapour
deposition (CVD) and pack cementation (PC).

Chemical Vapour Deposition (CVD)

In the classical CVD technique the aluminide deposits are generally produced in
reactors into which an appropriate gas mixture is introduced and where only the
components to be coated are heated to the required temperature. Both gas pressure B
and flow rate are controlled to ensure that the desired coating is obtained and
that the reaction by-products are carried away from the vicinity of the components
being coated. The actual coating is produced by either chemical decomposition
(pyrolysis) of the gaseous phase or chemical reactions between the gaseous phase
and the component substrate. The composition of the gas phase used depends largely
on the type of coating required but can be composed of metal halides, metal
carbonyls, metal hydrides or complex organic-metallic compounds. In the CVD

. process adequate control of parameters such as substrate temperature and gas
compositions, pressure and flow rate are clearly essential if suitable coating
thicknesses are to be achieved on different superalloy substrates. In practice the
CVD technique is widely used for well defined applications and series production of
similar pieces such as coatings on turbine blades, cutting tools e*c.

Pack Cementation (PC)

In the pack cementation process the components to be coated are placed in
semi-permeable boxes filled with a powder mixture containing the metal or an alloy
of the metal to be deposited and a suitable halide which is volatile at the
temperature at which the coating is formed. During this process the container pack
and components embedded in the pack are held at the same temperature, surrounded by . v
an atmosphere of hydrogen to minimise oxidation. Unlike CVD, the gas flow rates in
the pack cementation process are almost 3zero. In one particular variation of this
process coating occurs exclusively through the vapour phase with no direct contact
between the pack and the component.

b Lkt A

Although the chemistry of the coating process is complex, the essential processes
which occur are as follows. At the coating temperature interaction occurs dbetween ) '
* the metal and halide in the pack, resulting in the formation of of a metallic
2 - halide which in turn reacts with the surface of the component being coated. The | f?
. metal resulting from this reaction diffuses into the substrate with a consequential »
“ e lowering of its activity at the substrate/psck interface. This transfer reaction
¥ between the pack and the substrate continues during the coating cycle, with an
equilibrium condition between the gaseous phase in the pack and the substrate being
. establithed. Coatings produced by this process may be based on packs containing
s silicon, chromtium or aluminium or in certain cases a combination of these elements ) N
(1). In the case of aluminide coatings produced on nickel and cobalt based
superalloys, interaction between the metal applied and the substrate is a necessary
part of the production of the coating, this consisting essentially of NiAl and CoAl
respectively on these alloys.

ALUMINIDE COATING OF SUPE 8 !

Nickel and cobalt based superalloys currently used in advanced gas turbine plant
often operate in agressive environments and as such requicre to be protected from *
oxidation and hot corrosion attack in service. This is achieved by the use of

coatings, often of the aluminide type (eg MiAl or CoAl), these being applied using

various pack co.ontutlon processes similar to that described above. The morphology

of the coatings prod is dependent on a number of factors the most important of .
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which is the type of process, the composition of the pack and the composition and
structure of the gubstrate material. Apart from variations in the process type and
substrate material, the overall formation of the coating is largely governed by the
aluminium activity of the pack, (2,3).

In processes where the aluminium activity of the pack is low, the base element of
the alloy, viz nickel or cobalt depending on the superalloy substrate, diffusys
preferentially through the coating being formed. Thia ocutward diffusion is a
characteristic of a low activity pack cementation process. On the other hand, when
the aluminium activity of the pack is high preferential diffusion of aluminfum from
the pack through the aluminide layer being formed and into the substrate occurs.
This type of inward diffusion is thus a characteristic of a high activity pack
cementation process.

Aluminide coatings produced on superalloy substrates by these processes do not
exhibit the same resistance to oxidation and hot corrosion attack. In consequence,
i1t may be necessary to carefully select the optimum aluminising process/substiate
combination for specific turbine service environments. In this respect the overall
coating/substrate stability is important especially in applications where extended
periods of operation are envisaged, viz > 20,000 hours. A comparison of the
potential problems encountered in the aluminisation of nickel and cobalt based
superalloys using low and high activity processes is detailed below. Specific
problems pertaini{ng to the asluminisation of carbide fibre reinforced and onide
dispersioned strengthened (QODS) alloys as well as directionally solidified and
single crystal materials are also discussed.

NICKEL BASE ALLOYS

Low Activity Aluminide Coatings

As previously described, the formation of aluminide coatings on nickel base
superalloys in pack cementation processes in which the aluminium activity is low,
occurs as a result of the outward diffusion of nickel. 1In consequence, the
original substrate sucface is finally located vtthls the coatlsq itself. As a
result, the coating which is formed at between 1000 C and 1100°C, exhibits a two
tone structure, each zone lying on either side of the original substrate surface as
shown in Pig. la.

The outer z20ne consists of NiAl, containing various alloying elements in solid

solution which have diffused together with nickel from the substrate alloy during

formation of the coating. The internal zone, on the other hand, consists of NiAl

containing various precipitates formed from those elements in the substrate

material which are insoluble or incompletly dissolved in NiAl. As a result or

diffusion of nickel from the substrate to the coating, the underlying zone becomes

denuded in nickel and enriched in various other substrate alloying elements,

especially aluminium. This leads to the formation of NiAl -phase. A further

characteristic of these costings is their low aluminium content, which varies by

very little across the whole of the NiAl coating thickness. Due to this latter

factor these coatings are held to be particularly structurally stable in service.

Whilst the low activity aluminide coatings are generally succesful in protecting

components from oxidation and high temperature corrosion attack, certain problems

can arise which may affect their potential performance. Poreign particles on the

surface of the component to be coated will, as described above, be incorporated

into the coating in the position of the original metal surface. These will not

generally affect the performance of the coating provided that they do not occur in

quantities which might resuit in local delamination of the coating between the

first and second zone. It is therfore important to ensure that the substrate

material is as clean as possible prior to the coating operation. Contamination of

the coating can also result from the cementation pack itself. This generally

occurs in the external zone of the coating and in the case of contamination due to E
metallic inclusions from the pack, the oxidation/corrosion behaviour of the coating )
may be considerably modified (4). Pinally in alloys which are particularly rich in t
chromium and certain other alloying elements, the intecnal coating zone may become :
excessively brittle leading to delamination of the coating during service. ?

High Actjvity Aluminide Coatings

In the high activity pack cementation processes, the nickel aluminide coating {is
formed by diffusion of aluminium into the component substrate. As a result of this
the costing is formed below the original surface of the component. Furthermore
this aluminisation process is carried out At s 1ov06 temperature than {n the low
activity process, usually in the range 700°C to 950°C. Initially the coating
consists of Ni,Al., the desired NiAl structure being formed by a post csutlnq
diftusion trea l.*t carried out {n the temperature range 1050 C to 1200°C. The
coatings thus obtained exhibit a high aluminium gradient through the NiAl layer and
are reported to degrade during high temperature utilisation due to interdiffusion {
effects with the substrate, (9). i

The ltzhl layer formed during the aluminising process contains all of the elements
in the nueotrato material either in solid solution or as precipitates, pre-existing
in the alloy ot which have formed during the aluminising treatment. Transformation

e, e ——— o - p—-— .- - - - - ——




U

of the inftial Ni,Al., coating to the final NiAl form during the post coating
diffusion heat tr%atient is a complex process involving inward diffusjion of
aluminium in the outer coating layers and outward diffusion of nickel from the
subgstrate through the inner coating layer, Fig. lb. This process results in the
coating exhibiting three distinct zones. The outer zone consists of N{Al which
contains various precipitates either from the original substrate or which have
formed during the coating and subsequent diffusion treatment, together with B
elements from the substrate material held in solid solution. The internal region *
formed by aluminising of the subjacent alloy, consists of two regions: one close to

the alloy similar to the internal zone of the low activity process, and the other

corresponding to the low activity outer coating zone.

Since the composition of the external layer of high activity coatings is strougly
dependent on the substrate composition, 80 must be the oxidation/hot corrosion
characteristics. In certain instances th2 corrosion resistance may in fact be
unsatisfactory, particularly {f the substrate material contains titanium carbides
(4,6). Problems may also result from the use of high activity coatings on substrate
material containing massive carbide precipitates, particularly of the MC-type, Fig.
2. The presence of such features not only affects the coating continuity but may
also provide sites for preferential oxidotion and/or corrosion attack (4). Unlike
low activity pack processes, the presence of contaminants on the component sucrface
prior to coating or due to pick up from the pack, are lcss problematical in high
activity aluminide coatings.

Finally, whilst Kirkendall porosity is a significant feature of pack aluminised
nickel, no effect has been observed in pack aluminide coatings on superalloys
produced by either high or low activity pack cementation processes.

COBALT BASE ALLOYS

In the case of cobalt base superalloys aluminide coatings can in principle be
applied by both high and low activity processes. The thermal cycles associated
with the aluminising treatments are, on the whole, generally longer in duration or
conducted at higher tempecratucres than those used for nickel base alloys.

The protective coating in this class of alloys is the cobalt sluminide CoAl. As {n \
the case of the nickel base alloys described above the CoAl will contain substrate *
elements both in solid solution as well as in the form of precipitates. The

significant difference in the structure of aluminide coatings on cobalt-base alloys

is the presence of a more or less continuqus layer of large chromium and/or

tungsten-rich carbides between the substrate and coating itself, Fig. 3. This may

lead to spalling of the coating in thick deposits or under thermal fatigue

conditions in service. In certain commercial processes such as CODEP Dll, packs .
with relatively high aluminium contents are used which minimise the formation of
the intermediate carbide layer by permitting a8 considecably reduced thermal cycle
to be used during coating. 1In general however low activity processes are preferred
for the aluminide coating of cobalt base alloys.

o pH e

SPECIAL CASES

l
Directionally Solidified and Sinqle Crystal Alloys i
r

Mo significant problems have been encountered in the pack aluminising of
directionally solidified superalloys, since in general the substrate compositions
are similar to their equiaxed counterparts. In the case of alloys containing
hatnjums additions some reduction in the oxidation/corrosion resistance of high
activity coatings may occur due to the presence of hatnium~cich precipitates in the
outer coating zone.

*

The absence of major segreqation effects and coarse carbide precipitates (s a
positive adventage as far as aluminide coating of single crystal superalloys |is
concerned. This advantage is realised irrespective of whether the coatings are
applied using high or low activity processes.

Di i ) diti bjde Fidb Reinfor Eutectic 8§ rallo

In principle, the sluminide coating of fibre reinforced eutectic superalloys is
only possible using low activity pack cementation processes, Fig. 4. The use of
high activity processes would lead to very unsatisfactory aluminide coatings due to
the very poor oxidation/corzosion resistance of the HfC, TaC or NDC fibres in the
outer sone of the coating (§).
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The improved high temperature properties offered by oxide dispersion strengthened
superalloys are of particelar interest in gas turbine applications where extended
component life times are required at very high temperatures. It is anticipated
however that protective costings will be necessary if the full potential of these
sateriasls is to be achieved. HNowever serjous problems have been encountered with
regard to the cheaical and mechanical stability of coatings on alloys containing
tine oxide particle dispersions.
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In early teats on aluminide and duplex chromium coatings, void formation and rapid
substrate interdiffusion effects led to premature coating spallation and failure.
This type of premature failure mode has continued to persist despite the
introduction of new coating systems such as overlays and duplex overlay/diffusion
systems. Glasgow and Santoro (7) noted that the substrate composition was clearly
important in that the tendency amongst oxide dispersion strengthend alloys to
become porous, decreased with the alloys' increasing oxidation resistance. Boone
et al (B8) have recently investigated this in further detail arriving at the
following conclusiona:

1) The thickness and structure of aluminide coatings, particularly the inner
coating zone on ODS alloys, is a strong function of the composition of the
substrate alloy. Increased aluminum levels and possibly refractory
strengthening elements appear to be beneficial.

2) The structure and stability of aluminide coatings on ODS alloys are functions
of both the coating type and deposition process.

3) Coating void formation and the resulting spallation occur in the inner coating
zone and are delayed but not prevented by the larger more dispersed zone
produced by low activity coatings on alloys with a high aluminium content.

4) For all ODS alloys and aluminide coatings studied, the coating systems
apprared to have insufficient protectivity to match the available mechanical
propurties. The lack of stability was manifested both by void formation in
the coating and resulting spallation and by aluminum diffusion into the
substrate (8).

Clearly there are significant probleas associated with the coating of the oxide
dispersion strengthened superalloys which must be overcome if the full potential of
these materials is to be realised.

Alternative Processes

In addition to the pack cementation and chemical vapour processes described above a
variety of other methods are available for producing aluminide coatings on
superalloys.

Slurry

In this process a mixture of powders of suitable composition is applied to the
component surface by painting, spraying or dipping. The components are then
subjected to a suitable heat treatment during which the protective surface coating
is produced by:-

1. Melting of the powder mixture accompanied by superficial dissolution of the
substrate with the consequential formation of a multiphase coating by
diffusion.

2. Chemical reactions in the slurry occurring concurently with interdiffusion
with the substrate.

Ly

This latter process is known as the reactive slurry process.

Dipping

This process consists of dipping the components to be coated into a liquid metal

bath containing the elements to be deposited. The desired coating is formed by

diffusion either in the bath itself or during a subsequent heat treatment cycle. H )

Electrolysis in Fused Salts

In this process the component to be coutsd is immersed in a bath of molten alkali

tlourides held at between 500°C and 1200°C under an inert atmosphere. Coating is

effected by electrolysis in the molten bath with the metal to be deposited acting

as the anode and the component to be coated as the cathode. During deposition the
metal from the anode interacts with the component to torm the coating required.

Whilst the above processes can be used to produce aluminide and other metallide
coatings on nickel and cobalt base superalloys they are not as widely used as the
high and low activity pack cementation processes already described in detail above.

COMMERCIAL P ESSES
Costing Types

Apart from the high and low activity pack cementation variants already discussed,
commercial pack aluminising processes can be divided into two basic categories, viz
single stage or direct aluminising processes and the more complex two stage
aluminising processes.




Direct Aluminisation

Direct aluminisation treatments were amongst the earliest processes developed for
the corrosion protection of superalloy compOnents. Amongst the low activity types
commercially available were the CODEP and HI-15 processes introduced between
1964-66 while high activity aluminising processes, such as PWAT) were introduced in
1969. Recently a new single stage pack cementation process has been developed
involving the simultaneous codeposition of chromium and aluminium (1,9).

Two Stagqe Aluminisation

Two stage aluminisation processes represent a more recent development in the
corrosion protection of gas turbine components, essentially consisting of a
p'retreatment or predepositicn process conducted prior to the final aluminising
stage.

Typical pretreatments used prior to pack aluminising include chromising,
particularly of low chromium containing substrate alloys such as IN1OO j.e. typical
alumina formers. Other chromiging treatments are also used, such as HC12 and
PWAT0, these being designed to avoid the formation of -chromium precipitates in
the final coating. Some chromising treatments such as DP24 and Elcoat 240 actually
lead to the formation of a layer of -chromium. Finally, pretreatments are also
known in which other elements such as tantalum are co-deposited with chromium prior
to the final pack aluminising treatment (10).

In the case of predeposition prior to pack aluminising, pure metals such as
platinum and/or rhodium have been used as well as deposits of certain nickel or
cobalt based aloys. Perhaps the best known of the commercial processes making use
of the predeposition of platinum prior to pack aluminisation are LDC2Z and RT22
(11). 1In these coatings an electrodeposited platinum layer, 5 to 10 microns in
thickness, is often gartially diffused into the substrate at a temperature in the
range 1000°C to 10%0°C prior to the final pack aluminising treatment. Depending on
the thickness of the platinum deposit and the aluminising conditions applied the
final coating structure may consist of either

1) a continucus external zone of PtAl, approximately 10 microns in thickness
overlaying a 70 to 80 micron thick“zone of P -phase (NiPtAl).

2) a basic coating o{B—phoae the outer part of which contains PtAlz precipitates

L} a coating consisting solely otB-pha-e containing platinum in solid solution.

The oxidation and corrosion resistance of these platinum aluminide coatings has
been shown to be markedly superior to that of the simple aluminides (12). This
together with the fact that they exhibit excellent structucal stability makes their
application in industrial tiurbines particularly attrac’ive where components lives
in excess of 30,000 hours are required (13,14).

Studies are currently in progress on coatings in which corrosion resistant nickel
and cobalt based alloys are predeposited using sputtering, PVD and plasma spraying
techniques prior to final pack aluminising (15). Whilst tests on some of these
combinations are providing interesting and promising results, there are no
commercial coatings of this type currently available.

PRACTICAL PROCESSING PROBLEMS

Whilst there are many practical problems associated with the aluminide coating of
gas turbine components two of particular importance are considered here, viz, (a)
selective coating of specific areas of components (mssking) and (b) coating of
cooled blades.

Masking

The masking of areas of gas turbine components which are not to be coated during
the aluminising treatment is effected by simply painting the areas concerned with a
refractory slurry e.g. %2r0,. This process is most successful in high activity
packs where the aluminisin§ treatment is carvied out at relatively low
temperatures.

In low activity packs successful masking of components is much more difficult to
achieve due primarily to the higher temperatures required by this process.
Interactions occur between the refractory powder slurry, the superalloy substrate
and the pack powder with the result that some aluminide coating occurs in the
masked areas. Efficient masking systems have however been developed, for use with
the low activity aluminiGe process, using neutral alloy powder miztures tailored to
satch the composition of the superalloy to be coated. The actual details of the
masking procedures differ from one processor to another and may have to be modified
to suit the particular component being coated.

One process is based on a system of building up successive aask-coatings b{
repested 4ipping to obtain & protective shell. In this process the tirst layers
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consist of a mixture which is neutral with respect to the composition of the
superalloy. The final layers are almost pure chromium which, when sintered, become
the mechanically resistant part of the protective shell.

Another commonly used comercial process consists of placing turbine blade roots in
a can filled with an appropriate masking agent and then placing the whole assembly
into the pack for the aluminising treatment. In processes making use of vapour
phase aluminisation masking can readily be achieved oy covering the areas required
with a metallic sheet.

Coating of Cooled Blades

It has been well establised that in turbines using cooled blades in agressive
environments, the long small diameter (<0.5mm) holes of the internal cooling
passages must also be protected. The use however of conventional pack cementation
processes in meeting this objective faces several serious problems. Not only are
there great difficulties in feeding the reactants through the cooling channels but
also in removing the pack mixture after the coating treatment. Obstruction of the
cooling holes must be avoided at all costs since it can lead to blade failures in
service due to local overheating effects. This is most likely to arise in the case
of low activity pack cementation processes where the high pack operating
temperature will favour sintering of the pack powder. Purthermore in this process
the formation of the NiAl layer by the outward diffusion nickel from the substrate
favours the embedding of pack particles in the coating, as well as leading to a
reduction 1in the diameter of the cooling holes themselves.

In high activity processes, such as PWA73 the pack temperature is much lower and as
such sintering of the pack powder in the blade cooling passages would not be a
problem. Moreover the formation of the coating by the inward diffusion of
aluminium is less likely to lead to entrapment of pack particles in the coating
itself. Whilst there are clear advantages in using the high activity processes
from the cooling passage blocking point of view this process is no better as far as
efficient coating of these cooling passages is concerned. Aluminide deposition by
& vapour or vacuum pack cementation may lead to more efficient corrosion protection
of blade cooling channels.

A process has recently been developed in which the substrate to be coated is
isolated from the powder mixture. During the treatment the powder generates a
metal carrying gaseous species within the coating chamber. These species then

. reach the substrate by gaseous diffusion. The characteristic of the gaseous
transport agent required by this type of process is called "throwing power". It is
related to the ability to deposit aluminium on internal surfaces which then
interacta with the base material to form the required aluminide coating. Various
transport agents have been evaluated and their relative deposition rate measured.
It has been found that complex halides of aluminium such as aluminium fluoride and
alkali metals such as sodium, have sufficient throwing power (16).

A novel method of simultaneously metallizing the internal and external surfaces of
turbine blades has been developed by the National Gas Turbine Establishwent and
Fulmer Reseacch Institute, (17, 18). 1In this technique the components to be coated
are placed in a retort separate from a near-conventional coating pack which '
consists of an nluninlus source, a8 halide activator and an inert diluent. The 4
retort is heated to 850°C and the pressure is then cycled by evacuating and
re-filling with argon. Pressure cycle frequency may be in the range of up to about
ten times per minute. Using this technique the coatings on the external sucface of
a blade aerofoil are typically 50 microns in thickness while the internal surface
coatings are nearer to 25 microns thus minisising the danger of blocking the narrow
cooling channels. The method has also been shown to be suitable for the generatjion
of graded composition coatings where the final stage in the coating operation may

. include pulse aluminising, chromising or siliconising designed to seal microcracks

or other defects i{n the surfaces of overlay coatings deposited by plassa-spray or

other methods (19).

The coating of cooled blades has also been extensively investigated by G.E.
Aluminide coatings were fitst obtained by the thermal doco-pssltion of a
metalorganic liquid (trisobutylaluminum - TIBA) at about 200°C (20). The aluminium
deposit is produced either by dipping the pieces into the liquid or by cirsulutlng
the liquid throughout the blades. A heat-treatment of a few hours at 1050°C is
then carried out (n order to form the aluminide coating. Other metallic deposits
hava also been produced by similar processes: nickel from nickal carbonyl at 150 to
250°C and chromium (rom liquid dicumenylchromium at 350 to 450°C. The deposition
of successive layers of Ni, Cr, and Al allows the formation of alloy coatings.

More successful methods have since been developed to coat internal surfaces:
electroless deposition of nickel and slurry with a halide activator for chromium
and sluminium deposition (21).

Qualisy Control of Coatings

The existence of coating defects has been recognised as a problem from the earliest
) days of using protective coatings in turbines, Pig. 5. Mot only are defects
i undesirable from the point of view of potentially negating the value of the coating
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as regards corrosion protection but also due to certain forms of them acting as
sub~critical defects which can lead to premature blade failure. In order therefore
to ensure high reliability in coated components, careful gquality control procedures
must be excercised before, during and after coating (22). Such procedures are not
only desirable but necessary if the life of the component is to be achieved and the
integrity of the turbine during its operating lite is to be guaranteed.

SRS P )

Most defects in coatings can be readily detected using a number of well establised i 1
techniques. There are however no generally accepted standards of testing nor
standards of defect acceptance or rejection of coated parts. The final control
measures are currently exercised by the turbines makers or the end user, where
component refurbishing is involved, and generally defined in the specification laid
down for the coating concerned. Apart from the usual gquality audits of commercial
coating producers and the routine monitoring of the coating process itself, the
quality of coatings is genersally determined on the basis of test coupons and/or
randomly sampled component cut up tests. In cases where the components are large
and expensive, such as high power industrial gas turbine blades the coating quality . ]
may be largely asseased on the basis of cut-up testas on test coupons alone. :

I T
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Evaluation of Test Coupons

The homogeneity of a coating is greatly dependent on the manner in which the

components being coated are distributed within the pack cementation box. This

being the case it is necessary to sensibly distribute test coupons of the substrate :
material throughout the box in order that adequate checks on the gquality can be K
made after coating. Whilst the increase in mass of these testpieces is the first :
valid indication of the coating quality, other tests may be necessary to establish

the final coating quality, such as

1 metallographic determination of the coating thickness and assessment of its
structure by comparison with established standard microsections

2) determination of the surface aluminium content {or platinum in the case of .
LDC2 or RT22 types) by X-ray fluorescence or -backscattering techniques. ’

3) assessment of coating integrity using fluorescent dye penetrant, ultrasonic,
eddy cucrent, radiographic, infra-red emission or other appropriate
techniques,
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4) static and/or dynamic oxidation tests followed by visual and metallograhic
examination.

Evaluation of Coated Components

It is equally and arquably more important to carry out the quality control tests I
4escribed above on actual aluminised components randomly selected from each batch
being coated. Whilst there is a considerable degree of merit in this approach,
there is a danger of overkill, not to mention the increased commitment of resources
with a subsequent increase in costs. A compromise must therefore be reached with
respect to adequately assessing the coating process from the point of view of
achieving the required quality control standards without resorting to unjustifiable
commitment of resources and consequent expenditure, all of which will reflect
itself in the final cost of the component. In other worda, the proper and most
efficient use of resourcea must be exercised without compromising the quality ot
the end product. This is especially important in the assessment of actual coated
components since, as is the case in large industrial turbines, they can
individually cost several thousand pounds each. In this case the assessment of
. quality must largely rely on the use of non-destructive tests of components in

.t association with a more rigorous background of testing based on test coupons which

have been coated in the pack at the same time.

- In assessing the quality of coated components two principal sources of defects
have to be considered, viz. (a) those originating from the component and (b) those
t originating from the actual coating process.

with regard to defects arising from the substrate being coated, it is necessary to
. distinguish between new (virgin) components and those which have undergone repair.
f'r The latter being more complex are dealt with below in the section dealing with
; repair and recovery of ex~service components. In the case of new components,
certain defects detected after coating are generally associated with residues from
the precision casting moulds which have not been adequately removed from the
component surface by sand-blasting after casting. In practice only 0.3-0.5% of all
pieces tested are rejected on this basis and these are generally recoverable by
stripping and recoating. Defects arising from surface porosity in investment
castings are relatively rare since these would be dressed out prior to coating.
Some defects may also arise due to large carbide outcrops in the substrate. hgain
these are relatively rare.
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Defects arising from the coating process itself include various types of cracking,
porosity, entrapment of inclusions, compositional variations, thickness variations
and intecrfacial separation, Figs. 5 & 6, Whilst many of these defects can be
detected by visual and/or other non~destructive testing techniques, others may
depend on the destructive examination of test coupons and indeed actual components
themselves. Defects may also arise during the (finishing of the coated parts such
as locally too severe asand-blasting leading to overthinning of the coating. This
can often be reclaimed by use of a supplementary coating treatment without
resorting to stripping of the part concerned. In the case of the other defects
described above a complete recycling of the component is necessary to recover the
part.

Repait and Recovery of Coated Turbine Parts

In order to conserve both materials and crergy, and prolong the service life of hot
section, stationary and moving gas turbines, repair and recovery procedures are
becoming generally accepted practices (22, 23). These procedures include recoating
of turbine parts, repair welding/brazing of cracks, replacement of aerofoils and
hot isostatic pressing (HIP) to recover the effects of creep damage. In pursuing
this philosphy however, the quality control procedures which must be exercised are
even more vigorous than those imposed in new components. Not only must it be shown
that the recovered part is indeed fit for service, but this must be done in a
situation where extremely difficult technical problems must be overcome to ensure a
sound part. The main problem to be overcome in attempting the recovery of used
turbine blades is to ansure that they are .ufficiently clean before the

refurbishing operation is commenced. This will be highlighted in the discussion of
the basic procedures outlined below.

The recoating of turbine components may be necesary due to a number of causes
such as

1) faults which have developed during the original coating treatment, Fig. 5.1)

2) general or local corrosion attack whereby after a period in service the
coating can no longer fulfil its protective function, and

3) local damage to the component by impact etc.,

Recoating may also be carried out as part of an overall refurbishing programme on a
component in association with brazing and welding repair work. In each case the
original coating has to be effectively stripped from the component before recoating
can proceed. This is generally achieved uding a combination of abrasive blasting
and chemical stripping procedures. Great care is necessary to ensure that the old
coating is effectively stripped down to the unimpaired base material and in the
case of corrosion damaged parts, below any effects the corrosion attack may have had
on the substrate. This means that the dimensions of the component will be reduced
after each stripping operation, thus reducing the effective load bearing cross
section of the aerofoil. Stripping and recoating can therefore only be carried out
a limited number of times expecially in blading where the aerofoil wall sections
are thin, e.g. high performance cooled aircraft blades. PFor example, if a 60
micron thick aluminide coating which has penetrated the base material by 25 microns
is stripped from a blade having a wall thickness of 0.5 to lmm, a 2 to 5% reduction
1n the cross section of the aerofol) will occur with a corresponding increase in
the nett section stress (24).

It has been suggested that the problems associated with the reduction in aerofoil
cross section can be avoided by simply removing the corrosion products without
stripping the coating as a whole (24, 25). This means that the effective substrate
being recoated will have a higher aluminium content than the original substrate
alloy. Lehnert and Meinhardt (24) have however shown that this technique can
successfuly be applied to LDC2 coatings and that the recoated product exhibits the
normal chemical composition and structure expected in this platinum aluminide
coating. Purther work has suggested that low activity pack cementation processes
are the most suitable for coating repair using this procedure (25). If the
original coating however is not removed the risk of spallation after recoating is
likely to increase due to the new coating thickness being increased by a factor of
approximately 2, (23).

The success of any recoating operation will be largely dependent on the
availability of stripping and cleaning techniques which can remove both the
corrosion products and remaining coating without undue damage to the turbine parts
(26). wWhilst stripping and cleaning procedures must be effective in order to
ensure a successful end result they must not be too vigorous. Grain boundary attack
or preferential dissolution of the substrate alloy must be avoided or at least
minimised especially in thin walled components such as cooled aerofoils. In such
components it is particularly difficult to remove oxides and sulphides from
internal cavities and narrow cooling channels. In such cases it has been found to
be advantageous to subject the parts, after chemical stripping, to an additional
cleaning step in hydrogene. KEven more efficient cleaning of these difficult areas
is achieved by treatment in gaseous fluorine or using the Fluor Carbon Cleaning
process (26). These procedures significantly reduce the reject rate after




recoating. 1In the case of chemical stripping a reject rate of approximately 5% is
experienced compared with 1-2% using the additional fluorine cleaning step.
However, a reject rate of 5% on recoating is poor when compared with the 0.3-0.5%
tecorded in the coating of new components. Finally, should the stripping
procedures described above have been unsuccessful in fully removing all traces of
sulphur penetration in the substrate, 'sponge-like' features may occur on the
component surface after recoating.

Following stripping and cleaning the new surface to be coated may differ in

chemical composition and structure from that of the original alloy, primarily due
to coating/substrate interdiffusion effects which have occurred during service. In
consequence, both the structure and composition of the ‘new' coatings are likely to
differ from those produced on virgin substrates, Currently relatively little is
known regarding the behaviour of recoated components in service, particularly with
regard to their long term corrosion protection capability. Nevertheless reliable
coatings appear to be generally achieved with records of both blades and vanes in
aero engine applications having been recoated up to 12 times (25).

Successful repair of coatings which have been locally damaged due to impact etc.,
has been reported using the Sermalloy I procedure, in which a powder containing 88%
aluminium and 12¢ silicon is applied to the surface. Coating sop-lr is effected by
a thermal treatment of approximately 15 hours duration at 1000°C, this being often
incorporated into the guality heat treatment cycle required by the component alloy.
Certain users however automatically reject impact damaged components on the basis
that the coating crack may have extended into the substrate. These become
candidates for stripping and inspection before resorting to possible salvage by
recoating.

1f repairs by brazing or welding are necessary, stripping and cleaning of the
component has to be meticulously controlled since the presence of any coating or
contaminant will seriously affect the repair procedures, as has recently been shown
by Haafkens, (26). Repair welding is usually effected using a TIG process with a
filler wire which may differ considerably in composition from the original
component material. The differing compositions of the filler weld materials will
result in a zone in which the final coating may be significantly different in both
its composition and hence potential corrosion resistance. It has been reported
that these compositional differences are more marked when high activity rather than
low activity processes are used during reco..ing. A further complication is the
formation of Kirkendall porosity during recoating, particularly when simple filler
metals such as IN62 are used in the weld repairs. Amongst other problems
encountered in the use of simple weld metals, such as B0Cr20Ni, is the formation of
chtomium rich layers at the coating/weld metal interface which might lead to
spallation of the coating, {22, 23).

Recoating of components after brazing repairs may lead to problems associated with
coating composition and integrity, due to the formation of complex low melting
point ternary eutectics such as M-Al-8i or M-Al-B. In the case of cobalt-base
alloys repaired using nickel base braze metala, the coating in the brazed areas is
much thicker and of a different composition to that on the rest of the component.
This may lead to a reduction in the anticipated life expectancy of the coating in
service either due to differential corrosion effects or thermal fatigue damage at
compositional interfaces in the coating itself.

The repair of thin walled sections associated with cooled components create complex
problems in their own right. Not only is there a limited availability of adequate
material to support the repair but in many cases the repaired areas will
effectively prove to be non-load carrying and even less s0 due to further
reductions in load carrying area resulting from diffusion effects associated with
the recoating process.

Finally should hot isostatic pressing be used as part of a component refurbishing
programme to recover creep damage or other microstructural defects, it is essential
that sny coating present is completely stripped beforehand. In the case of
aluminide coatings, rapid diffusion of aluminium into tha substrate would occur at
the high temperatures associated with the process (>1200°C) resulting in a
significant loss in surface ductility.

It is clear from the points made above that repair and refurbishment of high
temperature gas turbine parts is not only feasable, and cost effective but also
desicable from the point of view of conservation of energy and materials. Great
attention to achieving and maintaining the quality of the refurbished parts must be
exercised if the safety and integrity of the turbine is to be assured. The user
has the final say in this respect, since should components exhibit defects after
tepair, they cen be rejected, reprocessed or, (f not too serious in nature,
life-limited in engines operating under less demanding conditions.

BENAVIOUR

Severe hot corcosion attack and degcadation, particularly of components in the hot
sections of marine and stationary gas turbine may occur due to deposition of
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sulphate/chloride salts originating from the presence of sulphur and chlorides in
the fuel or in the ingested air. This degradation principally occurs as follows.

During the course of a short incubation period, a protective scale develops on the
surface of the component, which {s comparable to that observed under conditions of
pure oxidation. 1In the case of components protected by aluminide coatings a
protective layer of Al,0, will be formed during this stage. After this incubation
or (nitiation period, Gaald attack occurs by hc. corrosion, the rate of this being
ccntrolled by the actual composition of the coating. FPor example, the presence of
chromium prevents basic fluxing of the Al,0, acale during the incubation period
while yttrium and platinum prevent access of igressive salts to the subadjacent
coating by reducing the risk of cracking and spallation of the surface protective
oxide (27). Besides basic fluxing, other mechanisms such as acid fluxing may be
induced by certain substrate elements or gas contaminants, leading to further hot
corrosion degradation. In addition to this, the rate of coating degradation is
considerably increased it the surrounding environment periodically fluctuates from
oxi1dising to reducing conditions. Under these conditions pure -phase nickel
aluminide coatings have been found to provide better corrosion protection than
those containing noticeable amounts of chromium (28).

Assesament of the corrosion resistance of coatings and determination of the
mechanism of the degradation process has been the subject of extensive laboratory
based studies (29). These include a variety of hot corrosion studies conducted on
salt coated material exposed in 80,/80, environments under both isothermal and
thermally cycled conditions. Similar tests have also been conducted in
ash-mixtures the composition of which are based on deposits removed from ex-service
turbine blades. Electro-cheaical methods using molten salt baths have alaso been
used in an attempt to ascertain the conditions under which breakdown of the
protective scale on the coating may occur. Tests have also been performed using
burner rigs where a closer approach to 'real’' gas turbine conditions can be
sinuleted in terms of gas pressucres and velocities as well as thermal fluctuations.
In addition, various of these tests have been performed on costed materials under
stress in order to determine the penalty that this additional factor has on the
overall likely performance and hence life expectancy of a coated component (30, 31).
All of these approaches are valuable from the point of view of selecting the most
likely coating/substrate combination to succeed in a particular turbine

application, as well as enabling some of the fundamental processes of the corrosion
process to be studied. In the final analysis however, it is the performance in the
turbine which will be the ultimate determining factor in deciding whether the
correct selection has been made in terms of achieving improvement in overall
reliability and life expectancy.

Degradation and Corrosion Behaviour of Alumninide Coatings.

The primary objective in using coatings is to provide protection of the component
substrate from corrosion due to agressive species in the turbine environment for as
long a period as possible. It therefore follows that the coating composition and
thickness are of significant importance since it is these which determine the
availability of protective scale forming elements during the life of the coating.
Purthermore the overall integrity of the coating is vitally important since once it
becomes breached, either due to cracking or chemical attack, it is at the end of
its useful life in terms of protection of the component. Another factor which may
lead to a reduction in the effectiveness of the coating as far as protection of the
substrate is concerned, is its overall thermal stability. Oue to coating/substrate
interaction effects the chemical composition of the coating may be changed such
that its overall corrosion resistance may be reduced to even less than that of the
substrate material it is designed to protect (l3).

During service, two basic coating degradation mechanisms have been observed on
aluminide coatings.

1) outward diffusion of nickel in combination with inward diffusion of aluminium
leading to an effective increase in the overall coating thickness with
consequential reduction in the aluminium content of the outer coating zone,
and

2) consumption of aluminium due to Alzo scale formation and spallation at the
outer surface of the coating. This cin le to significant consumption of
aluminium in the ¢ ing resulting in tho]g-llll being converted to the leas
oxidation resistant | ‘'~-phase (MiyAl).

This process occurs progressively with service exposure untll'r' fingers penetrate
throught to the outer coating surface after which rapid fallure of the coating
occurs, (32, 40). These effects are noticeably accelerated by other processes such
a8 hot-corrosion, erosion and thersslly or mechanically induced spallation damage
to the coating during its service life.

The joint effect of the two basic processes described above leads to an ({nitial
increase in coating thickness followed by a decreass which can be described by the
equation
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where h, is the coating thickness, Q is the activation of energy of nickel
diffusion in NiAl.

Substrate compdsition also plays an important role with regard to the overall
potential corrosion resistance of the coating, due primarily to coating aubstrate
interaction effects such as those described above. This has been amply demonstrated
for a number of different coating/substrate combinations, Fiq. 7, (32).

Aluminide-coatings were originally developed for protection against oxidation (i.e.
enhanced tormation of Al1,0,) in aero-gas turbines. Under hot corrosion conditions,
such as that typically cﬁc untered in stationary gas turbines, such aluminide
coatings can only provide limited protection since by Iinteraction with molten
sulphate deposits, the Al,0, is being converted into unprotective aluminates (basic
fluxing). However, it hai 3een shown that even under corrosive conditions some
noticeable extension of service lives can be achieved, Fig 8.

As already described, the presence of chromium in aluminide coatings promotes and
sustains the Al1,0, formation and therefore reduces the effect of basic fluxing.
However due to ihg limited solubility of chromium (and other elements) in thoiB
-phase there is also only limited potential to improve the hot corrosion
regsiatance of the simple aluminides.

3
‘i

A significant advance in the field of aluminide coatings has been the development
of the two stage processes utilising electrodepostion of platinum. In these systems
the improved oxidation and corrosion resistance is associated with the formation of
PtAl, in the outer zo of the coating together with the presence of platinum in
solid solution {n the P-phase. The presence of PtAl reaults in the retention of
aluminium at the coating surface and as such promotés Al,0, scale formation with
the minimisation of spallation. Purthermore the PtAl .3:3 as an aluminium
resevoir, also reduces the rate of inward diffusion oi aluminium towards the
substrate. FPinally extensive studies by Strang and Cooper (32} have demonstrated
that the thermal stability of the platinius aluminide coatings is markedly superior
to that of the sigple aluminides, the presence of platinum suppressing the
transformation off§ -phase to the less corrosion resistant Ni Al observed in simple

- aluminide coatings. The overall improvement in thermal -tabillty exhibited by the
platinum-aluminide coatings has been particularly exploited in industrial gas
turbine applicstions, where component lives in excess of 30,000 hours in agressive
environments is expected.

Erre OF COATINGS ON THE PROPERTIES OF SUPERALLOYS SUBSTRA

One of the most significant difficulties associated with the use of pack

cementation coating processes is that their associated and often protracted thermal
cycles are generally imcompatable with that which is required to develop the
desired mechanical properties, particularly creep strength of modern superalloys.

The presence of a coating can also affect other important properties, e.g9. high
cycle and low cycle fatigue. Care must therefore be taken to ensure that the
choice of coating is optimised with respect to the corrosion protection, mechanical
property and hence life requirements of the component. The application of a
coating may therefore affect the propecrties of the substrate and hence, of the
basic component in a variety of different ways. These are now considered in

detail. .
+
[ SILE PROPERTIES
) N 3
Costing Thermal Cycle i
<

The prolonged petfods of exposure at high temperasture and slow cooling rates
associated with pack aluminising processes are generally imcompatible with the heat
treatments required to develop the required properties in modern superalloys. In
particular the creep properties of nickel base alloys are 1likely to be severly
reduced due to an unt.ttl!actor¥ distribution of ' being produced during the
coating thermal cycle. Unsatisfactory grain boundry cacbide distributions may also
occur, resulting in poor high temperature ductility in the material. If coating of
gas turbine parts is necessary, it is theretore important to eliminate any
deleterious effects on material properties arising from the coating process. This
can generally be achieved by implementing the full guality heat treatwent for the
alloy after the coating process has been carried out, (32). In certain alloy
systems, coating can be cercied out with the materisal in the as-cast or fully heat
treated condition without the properties being unduly atfected, Pig. 9. In other
alloy systess deleterious changes in the microstcucture of the substrate due to the
coating process can only be reversed using the normal quality heat treatment for
the slloy, Pig. 10. Certain other cases exist where it is possible to guatantee
the substcate alloy properties by co-blnlnz.thc coating thersal cycle within the
quality heat treatment cycle required by the alloy.

In cecrtain situations minor modifications to the subetrate alloy composition can
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make the application of a coating feasable where previously no success was
possible. This (s well {llustrated in the case of the commercial alloy CoTac744,
which requires the following gquality heat treatment.

Solution treatment 30 mins. @ lzzogc AC
Ageing 16 hours @ 850 °C AC

As already discussed high activity pack aluminising processes are unsatisfactory
for coating carbide fibre reinforced eutectic superalloys. The alternative low ¢
activity processes whilst being more suitable can still be Jdetrimental due to the B
effect of the slow cooling rate associated with the coating thermal cycle. 1In work

conducted by ONERA, (33) the creep rupture lé(e of CoTsc74( was found to be reduced

by a factor of 3} at temperatures between 850 C and 900°C, when aluminide coated

according to the following process;

30 mins. @& 1220:C AC ~ solution treatment stage
10 hours @ 1050°C slow cool - low activity aluminide coating
16 hours @ 8507C AC -~ ageing stage

At temperatures of 1000°C and greater no loss in properties were recorded due to
the fact that at these high temperatures the creep properties are dictated by the
properties of the carbide fibres, while at lower temperatures the strength of the
matrix dominates.

A significant inprovesent in crgep strength and tranaverse ductility in the
temperature range 900°C to 1000°C can be achieved by modifying the composition of
the alloy (CoTac784) and utilising a modified 3-stage quality heat treatment, viz.,

Solution treatment 33 mins, @ xzzogc - 1240% ac
Pirst ageing treatment 16 hours @ IOSOOC AC
Second ageing treatment 16 hours @ 850°°C AC

By combining a low activity pack aluminising process with the first high

temperature ageing step it is possible to coat the modified alloy without affecting
the creep properties, provided that the cooling rate after the coating cycle is not
unduly slow. The improvements described are due to an increase in theq! ' stability
resulting from an increase in the i['-lolvu- temperature brought about by the
modified alloy composition.

. The quality heat treatment for monocrystalline alloys such as CMSX2 normally
consists of a l-stage process, viz.,

Stage 1 2-3 hours @ 1280°C to 1320% ac o
Stage 2 15 houra [ ] IOSOOC. AC or 4-6 hours @ 1100°C, AC
Stage 3} 15-24 hours @ 850°°C, AC

Low activity or high activity aluminising processes can be incorporated into the

quality heat treatment cycle for this alloy without detriment to the creep

properties provided the cooling rate from the stage 2 cycle is fast enough.

Should, in the case of a low activity process, the post coating cooling rate prove .
to be too slow, thconlcroutructutc can be restored by incorporating an additional 4 i
hour treatment 1050°C, followed by a rapid cool, into the total heat treatment

cycle. This procedure is also valid in the case of the coating procedure adopted : L
for the modified CoTac744 alloy. The above example clearly illustrates how coating

processes can be incorporated into the normal quality heat treatment cycle for the

component material, as well as indicating the need to ensure that both the coating )
and quality heat treatment procedures are compatible. »

Reduction of Cross-section

4 Aluminide coatings are normally assumed to be non-load bearing. Purthermore as a .
result of their application a certain portion of the substrate is consumed thus E o |
effectively reducing the cross-sectional area of unaffected substrate material. E A
This means that the nett section stress in a -oated component, such as a tuctbine
blade will be effectively higher than in the same component in the uncoated ; '
conditjon. This effect has been recognised in the study of the effects of coating E
on the creep rupture properties of superalloys, stress correction factors having to
applied in the case of coated testpleces, (32, 34).

Por example, the formation of & 60 micron thick aluminide coating on IN100 will i

result in the consumption of approximstely 40 microns of substrate material. 1In

the case of thin walled component lmm in thickness, the load bearing section after

coating on both sides will be reduced to 0.92mm. The corresponding 9% increase in

stress at a constant load implies a reduction in creep rupture life by a factor of

two times, vis 500 hours instead of 1000 hours at 850 C. According to Hauser et al

(34), the creep rupture life would be reduced Dy more than 60% for a wall thickness [
of 0.5am. i

Practical considerations such as this are clearly important in the case ot thin
- wall sections associated with cooled gas turbine blades, Pig. l1. It should be
: . noted that thin section materials ace already known to exhiblt reduced rupture
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lives when compared with normal thickness materials, and that application of a
coating would reduce this further (35). As a result of such factor the repeated
coating of thin wall blades is clearly limited.

Finally, the additional weight of the aluminium in the coating may, in the case of
very thin walled blades, lead to increase in the overall section streas and hence a
significant reduction in component life, Pig. 12, (36).

Coating/Substrate Interdiffusion

In various studies on the effects of coatings on the high temperature properties of
nickel and cobalt based superalloys, significant coating/substrate interdiffusion
effects have been observed. This is hardly surprising since the composition of the
coatings are substantically different from the substrate upon which they lie and as
such, strong chemcial interdiffusion effects during high temperature exposure in
service would be expected. These not only lead to changes in the structure of the
coatings, which in time may change their effective corrosion resistance, but also
to substantial modifications to the microstructure of the alloy zone adjacent to
the coating. In this cespect Strang has reported the presence of extensive O-phase
precipitation at the coating/substrate interfaces of both simple and platinum
aluminide coatings on IN738LC. (37,38,39). 1In studies coaducted on _cCreep rupture
testpieces exposed for up to 40,000 hours duration at 750°C and 850°¢ platelets of O
-phase were shown to extend from the coating/substrate (interface for up to 100
microns into the substrate itself. Under certain conditions theO -platelets were
also observed to offer an easy path for crack propagation from the coating into the
substrate material, (J9). Lang and Tottle have made similar ob-ervationa on coated
IN7)8LC specimens exposed for various periods at temperatures up to 1000°C, (40).
In these studies R-phase was detected at the coating substrate {nterface in
addition to the -phase already reported, Pig 13,
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Whilst the presence of these plate-like phases {n the subcoating zone has so far
not been found to be detrimental to either the creep or low cycle fatigue 1life of
super-alloys, (14,38,41) no studies have so far been reported on thin section
material. Their potential effect on the high cycle fatigue properties of a number
of nickel based superalloys is currently under investigation in a number of
laboratories, (42,43). Whilst no detirimental effects on basic high temperature
properties have been reported due to O-platelets in the sub-coating zone of
aluminised nickel base alloys, Strang has suggested that they may be potentially

. dangerous on the basis of sub-critical crack growth considerations. 1In the case of
& normal aluminide coating a through thickness crack or defect may be 75 to 100
microns in depth. Should however extensive O ~phase prec:ipitaton occur during
service in the subscoating zone, say up to a depth of another 100 microns, then the
total defect to be considered is now 200 microns in size. Under certain ;
circumstances such a defect may extend by sub-critical growth processes such as 7
thermal and/or high cycle fatigue and thus lead to failure of the component.
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1t can generally be concluded that provided that all of the necessary precautionary
steps are taken, the application of aluminide coatings should not lead to a
deterioration in the basic creep rupture or tensile properties of the substrate . !
alloys. On the other hand, since the presence of a coating does not confer any
strength to the substrate, any benefit can only be expected under conditiona where
environmental effects are likely %o be life limiting. A useful coating will
therefore, by appropriate protection scale formation, effectively seal the
substrate off from ingress of any agressive species likely to reduce component life
by grain boundary attack (44) or reduction of load bearing cross section due to
corrosion, Pig. 14, (493).

COATING DUCTILITY

P . Survival of the costing, {n terms of its mechanical integrity, will be critically
dependent upon its inherent strain tolerance capability or ductility. Strains
. imposed upon the coating during operation of the turbine will be due to the thermal

and mechanical stress cycles experienced by the components concerned. As a result of
this, the strains generated will be a combination of those resulting from thermal
expansion mismatches between coating and substrate as well as those transaitted by
mechanical deforsation of the substrate itself. The ability of the coating to
accommodate such strains will be dependent not only upon their magnitude and
frequency ofapplication but also on other factors such as ccating type, thickness
and the temperature range over which the maximum strains have to be tolerated.

Due consideration of these factors is especially important if premature mechanical
failure of the coating is to be avoided.

A

A certain disadvantage of sluminide coatings in this context is that while at high
temperature they possess fairly high ductility, below a certain temperature, known
as the ductile/brittle transition temperature (DBTT), their failure strain drops to
less than 0.2%, l.e. they are effectively brittle. While the ductility behaviour
of MCrAlY overlay coatings can now be adjusted compositional modifications, the
ductility of sluminides however varies only slightly with composition, CoAl being
generally more brittle than NiAl, Pig. 15. To a minor extent aluminide coating
ductility is also dependent on the substrate alloy composition, coating process
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foute, straining rate and on coating thickness. However this typical behaviour of
aluminides need not be detrimental provided that proper actions are taken to ensure
that (thermal) strains are minimized, particularly at temperatures below DBTT so
that the maximum strain range level experienced by a coated component does not
exceed the failure strain of the coating. This can generally be achieved in
practice by careful control of turbine start-up and shut down cycles.

FATIGUE PROPERTIES

Varying results have been reported concerning the effect of aluminide coatings on
the low cycle, high cycle and thermal fatique properties of superalloys. Since
fatigue failure is generally (in the absence of internal flaws and porosity)
tnitiated at the surface, and affected by the environment the application of a
coating on the surface may potentially affect fatigque propertieas of coated
components. Whether it does or not will depend on the relative intrinsic
mechanical and physical properties, and their temperature dependence, of both the
coating and substrate alloy, respectively. These properties include yield
strength, elastic modulus, thermal expansion coefficients, ductility and DBTT, If
the relevant properties of the coating are worse than those of the substrate then
cracks can be generated in the coating, whereby the coating will lose its prime
function to provide corrosion protection. PFurthermore such cracks may propagate
into the substrate by subcritical crack growth process and lead to premature
failure of the entire component (see above). On the other hand, if the coating
(fatigue) properties are better than those of the substrate, ther an improvement of
the overall behaviout can be anticipated, in air and even more so under corrosive
environment.

For the fatigue behaviour of coated parts residual (or intrinsic) stresses in the
coating will aigo be of vital importance to its behaviour under cyclic loading
(47). It is know that such stresses will increase with thickness of the coating,
however little is known about their relative magnitude for the various
coating/substrate combinations. Betz et al.(48) have reported some results on how
coating ductility and LCF-endurance decrease with increasing coating thickness,
Fig. 16.

Low Cycle Fatique

Relatively few studies have been conducted on the low cycle fatigue properties of
coated nickel and cobalt-based superalloys, and variable results have been
obtained, this being mainly due to differences in testing technique, coating type,
test temperature range and so on.

Wells and Sullivan (41) have demonstrated that significant improvements in the low
cycle push-pull fatigue properties of U700 can be achieved by pack aluminising this
alloy. 1In tests conducted at 927°C, the cyclic strain tolerance of coated material
was up to 508 higher than that of the uncoated alloy. Although crack lnitiation
resistance was improved by the use of a standard pack-aluminising treatment
followed by the normal quality heat treatment for the alloy, further benefits
regulted by the inclusion of an intermediate coating diffusion treatment, Fig. 17.

The effects of pack-aluminide coatings on the push-pull low cycle fatigue
characteristics of Rene 80 have been evaluted using a strain range partitioning
analysis technique by Kortovich and Sheinker (48) and Halford and Nachtigall (49),
Fig l18.

In tests conducted at 871°C and 1000°C under ultra high vacuum conditions,

Kortovich and Sheinker indicated that whilst the fatigue life was <cignificantly
affected by the strain cycle type, the introduction of a creep factor reducing the
life considerably, there was little or no effect of the coating or test temperature
on the fatigue properties. In a parallel programme, Halford and Nachtigall
demonstrated that there were no significant differences between uncoated and
packaalulintsed René 80 in push-pull low cycle fatigue tests conducted in air at
1060°°C.

A comparison of these data on Rene 80, however, indicated that whilat there is a
significant effect due to environment, viz the fatigue strength is higher in vacuunm
than in air, there is no difference between material in the coated and uncoated
conditions within a particular environment, PFig. 18.

Although this situation would be expected to be maintained in long-term tests
conducted in vacuum, & progressive weakening of uncoated material compared with
coated might be expected to occur in high temperature, long-term tests conducted in
alr. This would be especially true in thin section material. In the Rene 80 work
the coating treatment was incorporated into the normal quality heat treatment
schedule for the alloy.

The effects of various aluminide and platinum-aluminide coatings on the reverse
bend low cycle fatigue properti-s of IN73J8LC and F8X414 have been reported by
Streng (39). In tests which incorporated 8 30 -lnuta dwell period Dbetween each
cycle, at various temperatures between 500°C and 900°C, no significant diffecences
between coated and uncoated materiasl were found for durations of up to 700 hours
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and 1500 hours in the case of PFSX414 and INTIBLC respectively (Pigs. 19 and 20).
In all of these tests the full quality heat treatment appropriate for IN 738LC and
FSX414 was carried out after coating.

In practice the actual coating response will be the result of the strain cycle
imposed by & combination of mechanical and thermal effects. As a result of this
there has been a move towards achieving tests which are more representstive of
actual turbine blade operating conditions by carrying out programmed
thermo-mechanical fatigue tested on coated material. Whilst relstively little work
has been reported in this area, the data reported indicates that cracking is likely
to occur in the coating in relatively few cycles if a sufficiently high strain
level occurs below the coating transition temperature. Conversely, should the peak
strain be imposed above the transition temperature, crack initiation may take many
thousands of cycles to occur, and be in the substrate below the coating rather than
in the coating itselt.

EPRRESRRPRRY.

v

On the basis of the work reported to date it can therefore be concluded that there
appears to be no significent negative effect due to coating on the low cycle

fatigue properties of nickel and cobalt superalloys, although premature cracking of
;:;Tcoctlng can occur, {f it is {s too thick, or is excessively strained below its

High Cycle Fatigue

The effects of coating on the high cycle fatigue properties of nickel and
cobalt-based superalloy blading material have not been comprehensively reported to
date. Various workers have reported the results of limited studies indicating that
the application of coatings can have both positive and negative effects. The wide
variance in coating influence is due to factors such as variations in teating
techniques, viz push-pull, rotating bend, cantilever bend and so on, as well as
variations due to other factors such as type of coating, method of application,
coating thickness, use or otherwise of a post-coating heat treatment.

¥

s

In a general way, the high cycle fatigue response can be favorably influenced ({f »
the coating provides a surface that is fatigue resistant, especially at low .
stresses, if favorable residual stresses are introduced as a result of the coating .
deposition, or if the coating protects the substrate from the environment. On the g
other hand, the fatigue lives could be reduced if the coating is less fatigue
resistant than the substrate, if the diffusion zone which usually exists between
the coating and the substrate significantly reduces the load bearing capability of
the coating/substrate composite, or {f unfavorable residual stresses are introduced
during coating deposition.

Bartocci (50) found that aluminide coatings lowered the 107-cyc10 fatigue strength
of the alloy SEL_15; the thicker the coating the greater the effecs. In tesats
performed at 815°C, 25 and S0 micron thick coatings reduced the 10 cycle fatigue
strength by approximately 8% and 15V respectively, even though a post-coating heat
treatment had been carried out. Similar reductions in the fatigue strength of
aluminide coated U500 have been observed by Betts {51) in tests conducted at 734%c.

Pack aluminising was also _reported by Llewelyn (52) to lower fatigue strength of
Nimonic 105 tested at 900°°C, but use of a corrective post-coating heat treatment
improved the fatigue strength beyond that of the uncoated alloy. Belgasw et al.
(53) reported that protection of the nickel bala alloy Zh8§U with aluminide
coatings did not reduce fatigue strength at 950 C and 1000°C and led to improved
properties at RT provided coating thicknesses were controlled to between 40 and 60
microns. At thicknesses of greater than 60 microns premature failure occurred
primarily as a result of cracking in the less ductile aluminide layer.
Improvements in the room temperature fatigue properties of aluminide costed nickel
and cobalt based alloy have also been reported by Puyear (54) as well as by Lane
and Geyer (56). .

2

——

A more comprehensive study of the effects of pack aluminide coatings on the high
cycle fatigue properties of nickel based alloys has been reported by Paskeit, Boone
and°8ullxv.n (56). 1In studies conducted on U700 in the temperature range RT to
900°C, using reverse bend specimens, they were able to demonstrate that application
of a 75 micron thick alu-tnédo coating could lead to {mproved properties in the °
temperature range RT to %00°C and impaired properties at temperatures between 300°C
and 900°C, Pig. 21. The enhancement of properties in the lower temperature range
was attributed to the aluminide coating having a higher crack initiation resistance
than the substrate. This was based on data indicating that the room teaperature
yield strength of NiAl is greater than 689MPa at strain rate equivalent to that
achieved in these tests. A room temperature endurance limit of approximately !
448MPa i3 therefore not inconsistant for a material consisting principally of NiAl i
phase. It is of interest to note that in spite Of the substrate strength being ’ {
lower than that of the coating, initiation is reported to occur at RT In the i
coating. As the temperature increases the endurance ltattad for WiAl decreases .
while that for the substrate increases, at lesast up to 800 C. A cross over in

prtoperties therefore occurs with the result that above 3530°C the coated material is

macrginally weaker. This occurs in spite of a post-coating corrective treatment >
being carried out and is a reflection of the relative properties of coating .
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and substrate. At 900°C the fatigue properties of coating and uncoated U700 are
the same and it may be that at still higher temperatures, due to & further cross
over effect, coated material is again superior, due to the substrate being
protected from oxide fingering effects leading to the early failure of the
material,

In more recent work the push-pull high cycle fatique properties of platinum
aluminide and plasma spray overlay coated IN738LC and IN939 have been evalusted by
Grunling et al. (57) in collaboration with other CO8T 50 Round II sorhorn °
(58,59,61). Tests on LDC2 and RT22 coated IN7ISLC conducted at 650°C and 850 C
indicate that provided the appropriate quality heat treatment is carried out after
coating there is no significant loss in the high cycle ftfatigue strength and in some
cases an improvement. These daaa are supported by independent studies on RT22
coated IN73I8LC conducted at 750 C by Cooper (61).

In the studies described above, initiation of the fatigue crack always occurred in
the substrate and not in the coating and as such it can be argued that the coating
has no negative effect. This was however reversed when samples were aged prior to
testing. This resulted in a lowering of the fatigue strength and the observation
of initiation occurring in the coating. wWhilst other evidence indicates that O
-platelets form below the diffusion zone, these play no part in reducing the
fatigue strength in the section thicknesses considered here, viz appproximately
dmm. It must, therefore, be concluded that some reduction in the strength and/or
ducttlx;y of the coating occurs and that may be in part responsible for effects
observed.

Summarizing the effect of coatings under cyclic conditions, it may be suggested
that in order not to degrade the fatigue properties of a substrate over the entire
range of cyclic stresses, the coating must have not only the ductility of the
substrate at high stess levels (LCF) but must also have the strength of the
substrate at low stress levels (HCPF), i.e. high yield strength or low elastic
modulus. In addition, the coating must protect the substrate from oxidation during
high temperature exposure. A coating with optimum properties, therefore will have
to be tailored to the substrate by controlling the composition, ductility, and
strength. (46)

Thermal Fatigue

In many respects the thermal fatigue behaviour of coated superalloys might be
expected to be similar to that observed in low cycle fatigue studies on these
materials. The overall observations on the eftects of coating thickness, coating
ductility, control of the applied strain cycle, and su on, are all equally
applicable, as are the remarks made regarding coating integrity. Additionally,
however, as has been demonstrated by Strangman (62), the degree of thermal
expans.on mismatch between the coating and substrate must be considered since this
is likely to be the major source of strain genecated in the coating during thermal
cycling. Large differences in thermal expansion coefficients between a coating and
its substrate may lead to premature cracking in the coating, particularly if the
coating is thick and peak strains occur below the coating DBTT. These cracks may
in turn propagate into the substrate cCuring further thermal fatigue cycles,
ultimately leading to fajilure of the component.

Vi
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Selection of coatings for each application must therefore be based not only on B
their corrosion resistance but also on their DBTT and compatibility with the |
substrate alloy in terms of their thermal expansion properties. In general terms
it may therefore be considered that the most important overall mechanical property
of a coating is its resistance to thermal fatigue cracking. In spite of such
observations, however relatively few data on the thermal fatigue properties of
coated superalloys have been published, which in addition are difficult to
interpret due to the large variety of specimen shapes and testing cycles used as
well as the varying definitions of what constitutes specimen faflure .

Boone and Sullivan {63) have investigated the effects of aluminide coatings,
produced by inward and outward diffusion processes, on the thermal fat'que
properties of a number of nickel and cobalt-based superalloys, incl - U700 and
#1-52. The results indicated that in polycrystalline substrates inward-type
aluminide coatings generally improved fatigue performace while the outward-type was '
detrimental. These differences are explained in terms of the microstructures of - 3
the coatings. The fine grained structure, characteristic of the outer layer of the ) !
inwvard-type aluminide, appears to inhibit crack {nitiation, while the coarse

grained columnar-like atructure of the outward type is less resistant.

Some other results of thermal fatigue testing of coated and uncoated superalloys

are summarised in Pig. 22. 1t was further tound (64,65,66) that coatings on

DS-alloys generally did not improve the thermsl tatigue resistance, but it should i
be recognised that DS-materials are already vastly superior to their

polycristalline counterparts. It has also been observed that even where coatings ;
led to an improvement of the thermal fatigue strength, once initiation had
occurred, the crack growth into the substrate was faster than in the non-coated
alloy (67) rig 23.
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Cycling coated and uncoated Glenny discs in IN738LC between 950° and 40°C showed i
that on discs giving rise, due to their geometry, to high strain levels during :
thermal cycling, a detrimental effect by LDC-2 coatings was observed while the same

coating on discs involving smaller maximum strain levels induced a significant

improvement of thermal fatique resistance.(l4)

CONCLUDING REMARKS

Whilst there continue to be a number of technical difticulties associated with the
use of aluminide coatings on certain superalloy substrates, these are more than
outweighed by the overwhelming advantages offered by this type of system for the
protection of high temperature gas turbine components. The cheap and effective
aluminide systeas developed for the protection of sero engine components have been
extensively developed to the extent that they are also curcrently finding
applications in long life industrial gas turbine systems.

These coating systems are generally well understood, can be appliet with confidence
and efficiency to complex shaped components and provide protection for many
thousands of turbine hours in agressive environments. Blade repair and recoating
processes are now well developed and can be applied with a high degree of
reliability and quality control, thus extending the potential lives of many gas
turbine components. This approach is not only cost effective but also conserves
energy as well as atrategic raw materials.

Whilst the use of aluminide coatings is clearly cost effective care must be
exercised in ensuring that they continue to be applied to superalloy systems
without prejudice to their mechanical properties and hence life of the components.
In this respect it i{s {(mportant to ensure that the coating system is properly
matched to the alloy heat treatment in order that no losses are incurred in the
basic mechanical properties of the material. Coating thicknesses should be
optimised such that the required degree of protection is obtained without the risk
of premature cracking due to high strain and/or thermal fatigue effects in the
component. A continuing high standard of quality control should be exercised in
L order to ensure that defective coatings are not put into turbines, thus ainimising

the risk of component failure due to sub-critical crack growth processes during
service.

As is evident from the above, the use of aluminide coatings as a cheap and
efficient palliative to high temperature corrosion in gas turbines will continue
well into the future. There is however need for further development work, not only
in improving the coatings themselves, but also in their practical application. For
example, ODS alloys and carbide fibre reinforced eutectic alloys are still
difficult to coat effectively using aluminide systems. Improved processes are also
required for protecting internal passages in cocled blades. The use of alloying
additions or Al,0, particles to aluminide coatings should be investigated in an
attempt to i-ptsva their mechanical properties, in particular ductility. The
effect of coatings on the mechanical properties of thin section superalloys s not
yet fully understood. Pinally whilst the quality control exercised in the
production of commercial coatings is generally high there are no internationally
accepted NDT and quality control standards for coatings. The development of such .
procedures could only improve the overall effectiveness and reliability of the most b !
cost effective coating system developed to date. § L

-
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a} NiAl type oneting on IN 100 obtained
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Fig. 8 - (s) Uncosted and (b) sluminised Dert turbine blades sfter “inter-isiend” operation (from ref. §9).
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ABSTRACT

The application of three coating techniques to problems of fuel economy nr materials
suhstitution 18 described, The coating techniques are plasma spraying, Sputter Ion
Flating (S1P) and Flasma Assited Vapour Deposition (PAVD), and the applications range
trom thin coatings for nuclear and aerospace use to free standing furnace elemepts,

INTRODUCT1ON

Surtface coatinygs are asssuming an ever i1ncreasiny importance in many spheres of
industrial activity especially when the use of relatively small quantities of high
performance materials can significantly extend the operational range ot inferior
substrates. Thus, coating technology is particularly relevant for materials substitution
and fuel economy. The ohjective of this paper is to present an account of three coating
technigues that are being exploited at Harwell with examples of their application that
are appropriate to this theme. The emphasis has been biased towards the applications and
materials development rather than on the processes themselves. Two of the techniques,
'lasma assisted vapour deposition (PAVD) and sputter ion plating (SIP), deposit thin
tilms, while the third, plasma spraying, produces thick coatings.

PLASHA SPRAYING

Plasma spraying ;s one member of a family of coating processes known generically as
flame or thermal sprayiny. In the plasma process the heat source is ?n electric arc
#»truck between two electrodes, the anode of which serves as a nozzlefl), Making the
di1ameter ot the latter smaller than that of the free-burning arc results in very high
current densities which yenerate temperatures up to 20,000°K and force the ionised gases
(1.0, a plasma) to be ejected as a jet with velocities up to and exceeding the speed of
sound.  Such src-plasmas serve as efficient sources of kinetic and thermal energy. Most
Jevices use argon or nitrogen as the main plasma gas, often with small additions of
hydrogen and operate at power levels between 20 and BOKW,

The coating material, 1n powder form, is injected into the plasma at a position
mainly determined by 1ts thermal characteristics. Because ot the high temperature and
inert nature of plasmas and also since residence times for the particles are typically no
longer than a millisecund almost any material can be sprayed provided it melts without
sighiticant dissoclation or evaporation. Thus, many metals, ceramics and even some
plastics can be sprayed, However, as far as the substrate is concerned plasma spraying
i1s effectively a cnld process and so 1t is posasible to coat a wide range of materials
including those ot low melting point with minimum risk of oxidation or distortion.
Substrate preparation usually consists of degreasing and blasting with alumina grit to
provide a surface texture onto which the sprayed particles can guench and adhere.

Flasma spraying 1s a rapid process which can deposit thick coatings ( 0,1-2,0mm) and
dues not require the use of . 1nert chamber. Sprayed coatings have a unique
anisotropic, lamellar structure (Fig. 1) built up from splat-quenched particles with an
ultra-tine microstructure and often containing metastable phases{?), Their major
limitation is residual open porosity which results from the rapia solidification,
material shrinkage and gas entrapment. In some cases, if the economics allow,
post-coating treatments such as sealing, shot-peening, hipping or laser-glazing are used
to reduce ?hxs puorosity. For the important class of MCrAlY overlays considerable claims
are made(3) for the use ot low pressure plasma spraying to produce metallurgically
bonded coatings the microstructure of which is refined by annealing with the plasma in
either the transferred or non-transterred arc mode.

An important pre-requisite for successful plasma spraying, especially with ceramic
materials, is to have well characterised free~flowing powders. Single- or multi-
component oxide coatings are freguently used and their spray powders are made
conventionally by crushing the fused ceramic followed by selective milling and sizing,
which for hard substances, can often be lengthy, dusty and energy-consuming processes.
Improvements in coating quality are obtained trom the use of small particle size (e.g.
5~25 wm) but this frequently results in dbad flow properties.

Methods based on gel processing R’V. been developed at Harwell to prepare a range of
powders suitable for plasma spraying(4}), Typcially s concentrated aquecus dispersion

of an oxide or oxide mixture is gelled by sowme appropriate means to give spherical
particles of the required ,lzo which are then calcined to yield free-flowing powders.
More recent developments(3) have enadbled & small quantity of a sol to be used as a
*vehicle® into which relatively large amounts of ceramic powder can be carried as a
“passenger” yielding non-sedimentary dispersions of even higher concentrations. The

w-nw»&gm5i§

i

b et

-

[




latter are added to an immiscible solvent and agitated to a predetermined degree to form
spherical particles of the required size and simultanenusly gelled by any one of several
techniques.

The extremely small particle size (~150&) in the sols and alsn of the passenger
material (typically 2 um) yields an active oxide powder which readily allows full
reaction or sintering to take place at relatively low temperatures. For example, high
density spheres of fully stabilised zirconia can be formed at only 900°C. Many
homogenecus, multicomponent oxide systems have been prepared as free-flowing powders down
te S um di1ameter by either conventional sol-gel methads or by the gel vehicle route.
Typical products are shown in figure 2. The principle advantages of gel processes over
traditional powder fabrication routes are control of particle size (and shape), materials
economy, eneryy saving {(low temperature firing) and reduction of the dust hazards
assoctiated with crushing and sieving. The ne! vehicle route offers further benefits
through less use of expensive sol, low shrinaage on calcining the gel and substantial
reduction 1n processing comts,

The svope of plasma a?raying at Harwell has been further extended by developing it
as a fabrication techniquel®), 1f a plasma sprayed coating is deposited on & mandrel
which 18 subsequently removed by some appropriate means then a discrete "free-standing”
artefact remains which accurately reproduces the mandrel shape. The method is
particularly suitable for preparing ‘one-off' or prototype components. Its main
advantages are (1) the preparation of items from materials which are difficult to machine
or process by conventional .. tes but which can be sprayed, (ii) the processing of pure
materials without the use of Jditives, (iii) the preparation of thin sections or complex
shapes and (iv) the manufacture of high density components which can frequently be used
without any subsequent heat treatment.

One of the earljest uses of Harwell plasma sprayed sol-gel materials was in the
development of high_temperature fuel cells using 16.9%/0 yttria stabilised zirconia
as the electrolyte(?) . "The operating principle of such cells depends on the
¢iftusion of negative oxygen ions through vacancies in the oxygen sub-lattice. Provided
sultable electrodes are attached to either side of the ceramic the ijons are transported
From an oxygen-rich atmosphere to an oxygen-deficient atmosphere and an electric current
can be drawn from the cell. Above B00°C the anion mobility is sufficient for useful
power generation. Such cells are attractive because they have no moving parts, the
electrolyte is 1nvariant with a long lite and they can operate at high electrochemical
etficiency on a variety of hydrocarbon fuels and air without the use of the expensive
precious metal catalysts required for low temperature fuel cells. To avoid power loss
through internal resistance working units were composed of thin (~200 um) spray formed
tubes 1nterconnected by an elect:ounically conducting material compatible with both
oxldising and reducing conditiona, The latter-Nb;0g doped TiO;-was also produced
by yel processing and deposited by plasma spraying. A third gel processed oxide, $nO,
doped In,Uy, served as the air electrode,

As tabricated the thin electrolyte tubes were slightly permeable to air and more so
t.. hydrogen. The residual porosity reponsible for this was removed by sintering the
components at 1800°C in a zirconia tube furnace. The elements for the latter were also
tabricated by plasma spraying stabilised zirconia and could be operated as resistors or
susceptors (a resistor version is shown in figure 3). The high purity of the sol gel l

materials enabled susceptors to rea .. 2400°C whereas comparable tubes spray formed from
commercially available powders suffered serious loss in mechanical strength above L
17uv®c,

A combination of high temperature fuel cells and zirconia turnagos has been proposed

recently for the production ot hydrogen by the thermolysis of water(®), This could

e an i1mportant development for a hydrogen based economy, piped hydrogen, for example,

avolding the high energy losses occurring during the conventional transmission of

electrycal power., 2irconia furnaces with elements made by the Harwell route are being ’

used 1n the manufacture of optical fibres. The reliable production of a high quality : .

tibre will play an i{mportant role in reducing the quantity of copper used in cable. 9
\]

Fusion reactors are expected to play a vital role in the long term strategy of the
developed nations. To achieve steady state operation in such reactors devices called { v
‘limiters® are incorporated primarily to prevent unstable plasmas damaging their toroidal i
confinement. In an experimental reactor such as Sho Joint European Torus (JET) limiters )
must withstand eneryy impulses of at least 2Kwcm~¢ at 1500°C from intense proton
bombardment. C(onventionally limiters are constructed from copper faced with either
molybdenum or tungsten but unfortunately contamination of the plasma by refractory atoms
can have a cooling effect. However, materials of low atomic number could avoid this
problem and some work has ?3’n carried out to evsluate whether plasma sprayed oxides
could meet the requirement . Under carefully controlled conditions materials such
as Al Uy, NQAlfo. and TiO); have been sprayed onto copper. These have
subsequently withstood repeated thermal cycling up to 800°C and irradiation by ion beams
of 2KevD,;* ions without degradation. Figure & shows the surface of a Ti0; coating
after this treatment and it is indistinguishable from that of an as-sprayed coating.

The desirability of using cheaper but often more corrosive fuel together with
tncreased operating temperature to achieve better efficiency from both turbines and
reciprocating engines has resulted in higher levels of damage from corrosion and thermal
stress. Corrosion arises from liquid salts formed on combustion from Na, S and V
impurities commonly present in lower grade oils, while the higher temperatures
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are responsible for faster oxidation rates and stress cracking. The most vulnerable
components are the blades and combustion cans in turbines, and pistons, valves and
cylinder heads in diesel engines. Improvesents in coating technology will be vital in
combating these problems. For sxample, ?s?k aluminising or the application of MCrAly
overlays by low-pressure plasma spraying and other techniques have proved very
effective in combating oxidation nf turbine blades. Considerable effort is also being
expended world-wide to develop thermal barrier coatings which resist the higher gas
temperatures but keep the substraie temperature below the critical levels for oxidation
and mechanical failure. Because of their low thermal conductivity { 1-2 wm~! °C)

plasma sprayed zirconia based ceramics are currently the most favoured materials. Their
main disadvantage is inadequate resistance to thermal cycling and shock for realistic
lifetime especially in aero gas turbine applications. Figure 5 shows a small turbine
blade coated with .lmm of NICrAlY and s 12¥/0Y,03-2rO; ( .4mm) derived from gel
processed powder. The ceramic did not fail until some 2000 cycles (each of 10 minutes at
1100°C and 10mins in a cold fluidised bed) and considerably out performed commercially
avaiiable coating materials subjected to identical tests. No oxidation of the substrate
is apparent beneath the NiCrAlY even though this was air plasma sprayed. 1In contrast
unprotected areas of the substrate suffered considerable oxidation during the test.

Kvernes and colleagues have developed thermal barrier coatings for diesel
applications{10), In particular they tound that a triplex coating of
NiCrAlY-Cr-Y,03/2r0; (composition unspecified) showed no degradation after 6000
hours 1n service testing in large bore marine diesel engines. Figure 6 shows typical
diesel exhaust valves coated at darwell with a metallic bond and up to 2mm of various
1r0; materials. In laboratory tests such coatings have survived severe thermal testing
with oxy-acetylene flames but their long term behaviour remains to be evaluated.

PAVD COATINGS

In Plasma Assisted Vapour Deposition (PAVD) the samples to be coated are either
suspended or supported in a glass reaction vessel (normally silica) and the samples are
connected to earth. The glass reaction vessel may be evacuated by means of a rotary
pump, and a range of gases may pe fed into the vessel from a gas handling manifold where
their individual flow rates are accurately monitured by means of mass flow controllers.
The pumping speed and rate of supply of gases to the reaction vessel are controlled so as
to give a pressure in the reaction vessel of a few mbar. In the simplest form of
apparatus, a helical RP induction coil is present around the glass reaction vessel level
with the samples. When the coil is energised an axial magnetic field is produced which
causes samples to be heated according to their magnetic susceptibility; in practice it is
found that most metals are readily neated to at least 800°C in the system. If the sample
temperature is raised to 800°C or above (depending on the reactive gases present in the
system) then a thermally activated reaction is liable to occur: since the reaction occurs
at the hot substrate this naturally t.lult‘ jn a coating on the surface. This is the
basis of chemical vapour deposition (CVD){!1l} and deposition can occur at atmospheric
pressure as well as at pressures down to a few mbar (where the technique becomes known as
low pressure CVD (LPCVD)). However the energised RF coil also produces a radial electric
field between the samples (at earth potential) and itself. In the pressure range 1-10
mbar this results in a glow discharge formed within the gas and a high excitation rate
for the gas molecules present. These activated gas atoms and molecules are far more
likely to react and since the greatest electric field exists at the surface of the
samples, then a coating is likely to result. The region of high electric field close to
the sample surface (the plasma sheath) follows closely the contours of the surface
allowing uniform coating over complex surface geometries. This phenomenon was well
illustrated by the original use at AERE of the PAVD process i.e. that of coating
continuous tows of 7 um diameter carbon fibres{12), Ten thousand of the carbon
fibres were passed along the axis of the chamber together and a plasma sheath formed
around each individual fibre and resulted in uniform coating(in this case of silicon
carbide).

By suitable arrangements of the magnetic and electric fields, samples can be coated
by PAVD at any temperature required and with a wide range of materials. Experiments at
Harwell have been largely restricted to silicon-based coatings, and two applications of
these coastings will be described in some detail.

Silicon carbide and silicon nitride coatings have been studied as wear resistant
surfaces, and a particular example of relevance to the themes of the conference is the
application to tibre heaters. Yarn is heated to thermally °'fix' a twist in the fibres by
passing the tibres over a hot surface under tension, which requires a substrate material
with good thermal properties and resiatance to wear from the abrasive particles used as
delustrants in the yarn. An ideal bulk material would be brass since it is inexpensive
and has excellent thermal properties, but the wear resistant is inadequate.
Hard-chromium-plated brass has been employed with some success, and the plating has the
added advantage of producing an i{deal surface topography for fibre contact; however, even
with thick chromium deposits the component lifetime was limited. Brass heater shells
{hard-chromium=-plated) were coated by PAVD with silicon carbide (on which the favoured
topography was faithfully maintained by the PAVD coating) and the resulting surface
carbide proved to be far more resistant to wear by the fibres. A heater shell (which had
been used prior to PAVD coating) is shown in Pigure 7, after PAVD coatinq with silicon
carbide at about 3%0°C,

PAVD is currently being used to develop silica ig?tlngo tor applications to the
British Advanced Gas-Cooled Reactor (AGR) programme( The fuel for the AGR is
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in the iorm of U0, pellets packed under pressure into a l5Smm diameter 208%Cr/25WN{
niobium-stabilised atainleas ateel (20/25/Nb) can (termed the ‘cladding'), the length of
the sealed tube (or fuel ‘'pin') being approximately ] metre. Chemical interactions
between the cladding of the fuel pins and the carbon dioxide based reactor coolant can
affect the performance of the fuel in two principal ways. |In the first, oxidation of the
cladding leads to a loss of section by general and localised attack which reduces the
capability of the cladding to contain the fission gas pressure within the fuel pin in the
event of a reactor depressurisation incident. The Becond effect is that the Fe and Ni
congtituents of the oxides formed on the pin surface catalyse the formation of
varbonaceous deposits onto the pin, which impair its heat transfer characteristics.

These deposits derive from the radjation and thermal induced degradation of the
precursore tormed from the methane and carbon monoxide, which are added to the coolant to
limit the corrosion of the yraphite moderator.

There 18 a considerable economic incentive to exploit the development potential of
the (AGLR system by extending the target mean burn-up of fuel from the current 14 GWd/tU
to at least 24GWd/tU and even possibly to 30 GWd/tU. This extended burn-up would reduce
tuel cycle costs both at the fabrication and reprocessing stages. However any extension
in the dwell time ot fuel 1n-reactor obviously increases the extent of oxidation of the
clatting. It 18 prudent therefore to investigate means of reducing the oxidation of the
cladiing and the use of protective coatings is one such technique. In addition, these
coatings could inhibit the catalysed formation of carbonaceous deposits onto the fuel pin
surtace., They would allow, therefore, greater flexibility in the choice of coolant
composition to limit moderator corrosion, leading to the use of less aggressive coolants
1in the reactor and hence to an increase in moderator life.

S1li1con coatings deposited onto small sections of 20/25/Nb fuel can by PAVD have
qreatly reduced the extent of oxidation in CO, as can be seen in figure 8. The upper
hand represents the weight gaina from a large number of 20/25/Nb control samples, whilst
the hand of low weight gains represents ten samples PAVD coated with ${0;. I[n fact

triis dats 18 bhiased against the coatings, since well over Y0V of the weight gain that
Noes accrue on the coated samples is from the unmachined internal surface of the drawn
tute, whereas negligible oxidation occurs on the carefully machined outer surface (which
1% the only surface exposed to the reactor environment). The coatings have also been
shown to prevent metal catalysed carbon deposition in tests in the DIDO reactor at
Harwell, leaving only a thin pyrocarbon (which forms on all surfaces exposed to the AGR
a8 mix). Complete fuel pins have also been coated by PAVD and tested in the Windscale
ALK, and the results were in line with the small-scale experiments described. Figure 9
shows a PAVD system being used to coat an AGR fuel pin; a larger system has now been
teveloped to coat 12 tfuel pins at each loading.

PAVD coatings such as the silica descrsbed above have potentially wider application
to carrosion problems, and & programme in this area has been approved by the Commission
ot the Futopean Communities. The programme entitled “"silicon-rich metallic and ceramic
coatings for substitution of chromium {n high temperature technoloyy®, is being carried
out 1n conjunction with the National Physical Laboratory (NPL), Teddington, London and
Imperial College London, and also 1ncludes work on coatjings based on sol-gel technology
and laser glazing.

SPUTTER 10N PLATING (BIP)

SIP 18 a coating technique which employs atoms and jons sputtered from solid plates
as the source material, and 8 neyative bias on the samples during deposition &o control
the atructure of the coating as described in a paper by Mattox and Macdonald(14), a
schematic diagram ot the equipment which indicates the main features is shown in Figure
lu, Samples are suspended within a stainless steel cylinder and are surrounded with
plates of the source material; electrical connections are msde (separately) to the
samples and to the plates. The stainless steel vessel can be heated with external
hesters and its temperature (s monitored. Purified argon, or other yas, is passed
continuously through the coating chamber at a pressure of about 10/d mbar, where d is the
chamber dimension in mm. A mechanical pump is sufticient to maintain the working
pressure, provided a vent on the coating compartment is designed with a high aspect ratio
such that back diffusion of external contaminating or reactive gases cannot take place:
for & related resason no condensible vapour within the enclosure can escape. The general
procedure is as follows. A tlow of high purity argon at reduced pressure is established
and turther purified by passing it through 8 continuously working titanium getter. The
coating compartment and its contents are then heated to about 300°C to outgas all the
exposed surfaces and to establish a very pure atmosphere, which is important for good
sdhesion of the coatings. In many cases, the samples are then cleaned by ion bombardment
to remove thin oxide layers and further promote adhesion, but {f the naturally occurring
oxide Is tough and well adhered to the parent metal ion cleaning may not be necessary.

In order to produce a coating a large negative voltage (typically 1000V) is applied to
the plates of source material which causes a glow discharge to form {n the vessel and
argon tons bombard the inner surfaces of the plates. Atome and ions of the source
material are sputtered from the plates, and move in 8 random manner through the chamber
with a short mean free path. Much of the material is redeposited on the plates, but
material arriving at the sample surface (or exposed parts of the chamber) settles to form
the coating. A relatively small ?’:’ voltage on the samples (0 to 100V) results in "ion
polishing® of the nascent coating to form a dense structure without significant
re-sputtering. The use of a DC bias limits the technique to conducting coatings, but the
substrates may be either insulating or conducting, since once the coating commences the
surfaces rapidly become conducting and the bias effective. Sputter lon Plating has been
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used to deposit a wide range of metals and metallic alloys, as well Tg the carbides and
nitrides of many metals, and further details may be found elsewhere(l3),

Applications of the technique include materials conservation (longer lifetimes),
materials substitution and greater fuel efficiency, and an example of each will indicate
the versatility of the sputtering method.

doars i Bt e <
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An area where coating development is extremely active at the current time is coating
of tool steels for wear resistance. It has been shown that for many different cutting
processes the lifetime of the cutting tool can be increased by a significant factor {f it
is firet coated with a hard layer of low coefficient of friction. Widespread use of such
tooling would then result in a reduced consumption of tool steel, which is taking an
increased amount of strategic materials as compositions become more complex. By far the
most common coating applied to tool steel is titanium nitride, and in SIP this is done by
sputtering titanium targets with a partial pressure of nitrogen added to the argon gas.
Drills coated with TiN by SIP have shown a factor of ten improvement in useful cutting
lite, and a range of other tools have also given encouraging results. When directly
compared with an uncoated tool, a coated tool also requires less energy to maintain a
given cutting rate than the uncoated tool. Because TiN is relatively straightforward to ¢ 1
deposit and works well in many cases, there has so far been little work on alternative
coatings which may outperform TiN in certain instances. It may also prove possible in
the future to combine a wear resistant coating with a simpler (and cheaper) substrate
material. However, the current emphasis is on improving existing tools with TiN on an
economic scale; the latest SIP system coats approximately 1000 small components (e.g.
drills), per loading and further development is continuing.

-.w.,
-

There is frequently a desire to use a particular bulk material for which the surface
properties are unsatisfactory. For example, lightweight alloys such as aluminium or !
titanium alloys might provide adequate strength and fatigue properties, but have
inadequate wear or corrosion resistance, and coatings are being assessed in a number of :
these situations. One such case concerns the increased use of components made from H
titanium alloys in aircraft engines, where the primary limitation on the use of such
components is the rate of oxidation at fncreasing temperature. If the maximum allowable
temperature can be increased by 100°C by using coated titanium alloys, then very useful
savings in engine weight can be made. It is possible that SIP could be an appropriate
method for tackling this problem.

Whilast lightening a gas turbine engine improves the effective efficiency by
facilitating a commensurate increase in payload, the turbine efficiency may be directly
improved by either running the turbine at higher temperature, or reducing the percentage
of air used for blade cooling. In order to achieve these improvements in efficiency, it
is inevitable that components in the turbine (notably the first stage rotor blades) will
run at higher temperatures. First stage rotor blades already use highly sophisticated
bulk materials together with a surface treatment such as pack aluminising to reduce
oxjdation but further improvements in temperature capability can be achieved using
surface coatings to prevent oxidation at higher temperatures (i.e. overiay coatings such %
as the M-Cr-Al-Y alloys, where M i{s Ni, Co, Fe or a mixture of these elements) or as a 4
thermal barrier. SIP has been used to deposit a range of overlay coatings (18) ang §
the results compare well with coatings deposited by more capital-intensive equipment such
as electron-beam evaporation and low-pressure plasma spraying (LPPS). Figure 1l shows a
series of micrographs of an CoCrAlY coating of nominal composition Co-~20Cr-9A1-0.3Y on a
wrought superalloy turbine blade. The four micrographs show the coating as received and 3
after 250, S00 and 1000 hours at 1000°C in air; in each case the part of the aerofoil ;
shown is the trailing edge, which is the region where defects in a coating are most
likely to appear. In the early stages at 1000°, the as-coated structure transforms into
a fine two-phase structure, the lighter phase being a Co-Cr solid solution and the darker
phase A-CoAl which cosrsens with increasing time at temperature. A uniform region
depleted in Al is formed at the outer surface of the coated blade due to outward
diffusion of Al to form the protective alumina scale. The Al level near the
coating/substrate interface is also reduced due to inward diffusion of Al to form regions
of nickel aluminide within the inconel substrate. It can be seen from Figure 10 that the
extent of the inward diffusion increases with time, as also does the outer region of 4 4
depletion though this is not very evident in this particular series of micrographs. SIP : P
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overlay coatings have been included in a series of corrosion rig tests which also examine
??z)ulo of such coatings for resisting hot corrosion with very encouraging results

Harwel] has a wide range of coating facilities of which just three have been 3 [
discussed in this paper: plasma spraying, plasma assisted vapour deposition (PAVD) and 4 |
sputter ion plating (S8IP). All the techniques are engaged in a wide variety of

experimental programmes, many in collaboration with {ndustrial companies, which

concentrate on applications of coatings rather than development of the coating

techniques. All t examples chosen in this paper have some connection with materials )
conservation/substitution, indicating that there-is widespread interest in this topic, l
and that coating technologies have a fundamental role to play therein. i




A number of the coating programmes described in this paper have been carried out
under contract from the Procurement Executive, MOD, and the authors wish to thank them
for their support and encouragement. The experimental help of co-workers at Harwell is
also kindly acknowledged.
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Fig. 1| Cross-section of a plasma sprayed titanium dioxide coating showing the typical %
lamellar structure and a shrinkage crack. 3

%

§

Fig. 2 (a) 17 Yo YSOJ « 2r0; powder made by 30l gel processing.
' {b) Ti0; powder produced by the gel vehicle route.

PFig. 3 A sirconis resistor furnace with the element fabricated from a gel processed
powder by plasma spraying
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Fiy. 4 Surface of a Ti0; coating after irradiation with 2 KeV D3* ions at 500°C,

Fig. 5 A small turbine blade coated with 0.4mm of 12 Y/o ¥303-2r0; over O.lmm
NiCrAlY after extensive thermal cycling to 1100°C.

' rig. ¢ Diese]l exhaust valves coated with up to 2wm of stabilised zirconia over a
bondcoast.
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Fig. 7 A chromium-electroplated brass heater shell coated with SiC by PAVD.
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rig. & A comparison of the oxidation rates of 8i0; coated (vertical hatching) and
uncoated {(horizontally hatching) 20/35/Nb samples.
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THE NAVY PROGRAM TO DEVELOP REPLACEMENTS
FOR CRITICAL AND STRATEGIC MATERIALS

by
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&
Mr. Marlin A. Kinna AD-P004 223
Materials Technology Administrator

Naval Sea Systems Command
Washington, DC 20362

)In response to the United States President's endorsement of research and development on
critical and strategic materials (CSM), the Navy has initiated a program to develop design
options for CSM in future weapon and platform systems. Key objectives of the program are:
development of a data base, fabrication of materials and components, demonstration of
hardware, and establishment of manufacturing processes to provide reproducible materials
and components. Four materials thrusts are addressed. They are: utilization of domesti-
cally abundant materials, development of domestic high temperature materials, evaluation
of new materials and alloys, and conservation of critical matarlll:$

The President of the United States and the Congress recently endorsed and emphasized
the role of research and development to decrease U.S. dependence on imported materials
used in advanced defense systems. This endorsement motivated the U.S. Department of
Defense (DOD) to formulate a research and devologmcnt plan for satisfying potential criti-
cal and strategic materials (CSM) requirements.(l) The Navy, in response to the intent of
the DOD Plan, initiated a program aimed primarily at development of design optioms for
CSM in future Navy weapons and platform systems. The philosophy of the program is outlined
in this paper and selected examples of possible design options are presented.

The Navy's program {s not limited to consideration of imported materials; it also
addresses certain domestic mater{ala believed critical to the performance of future -z -
tems. An example of such a material is beryllium, whose availability may be limited by
U.S. environmental protection standards or worker health safety considerations. Figure 1
presents the objective of the critical/strategic materials program, and defines the Navy's
concept of critical and strategic materials. Research and development studies will
include, but are not limited to, the strategic and critical materials listed in Fifggc 2.
The selection of these materials was based on documentation from the U.S. Congress .
the DOD General Accounting Office (GAO){(3), the U.S. Bureau of Mines(4), and independent
nonprofit corporations, such as the Institute for Defense Analysis (IDA). WNote that
sluminum oxide is identified. While there are domestic sources of bauxite in the U.S.,
economics have favored importing this material and it is listed by the GAOC as a critical/
strategic material. Also note that the Navy Research and Development Program is confined
in scope to structural and thermal protection materials.

As grcvioualy stated, the Navy program goal is to provide substitutes and dcutgn
options for critical and strategic materisls. Since resources are limited, it has been
necessary to devise a program that will maximize the probability of tucccolfulli developing
the necessary design options. The intent of the program, therefore, is to develop specific
substitute materials and design options, and to encourage their use in selected systems
applications. This will be accomplished by the methodology shown in Figure 3. Key slements
of the effort to cncournsc systems utilization are: (1) oltabltlhtns a sound data base,

(2) conducting hardware demonstrations and 'in uss" tests, and (3) developing proven
manufacturing technology that will provide reproducible component hardware. A detailed
flow chart for development of substitutes and design options is shown in Figure 4. It
should be noted that, while manufacturing technology is shown following component demon-
stration and evaluation, these program functions msy have to be reversed if facility
scale-up is required in order to produce components for demonstration. Although Pigure 4
shows systems integration as the final step in the development process, it actually occurs
concurrently with sll the activities. However, the systems designer must make the final
saterials choice, bllink his decisions on performance comparison, mission cost, and long
range availability of the etrategic material.
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A number of Navy systems have been analyzed, both for quantity of CSM required, and
for potential as test beds for substitutes or design options. The results, sunmarized
in Figure 5, lead to the conclusion that ordnance systems are most attractive for intro-
duction of alternatives to critical and strategic materials. The decision is based on
the findings that: (1) almost all of the CSMs are utilized in ordnance, (2) weight
savings, valued at $2,000 per pound for almost all systems can be realized, and (3)
because they are nonman rated, early introduction of slternate materials into systems
use is poseible.

The organization of the Mavy program {s based on the requirements shown in Figure 6.
Of the four program requiremsnts, a definable systems advantage resultizg from use of the
nev material/design option is most important. It is the systems advantage that will
justify qualification of the design option for actual use, and convince the systems pro-
Sram manager to provide the necessary funding support. Based on these requirements the
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decision has been made to emphasize utilization of composites as substitutes and design
option materials. Composites which will be considered include organic, metal, carbon and
ceramic matrices reinforced with graphite, boron, glass and silicon carbide fibers.

How can composites be used to conserve critical/strategic materials? Consider the
hypothetical case where aluminum is in short supply. With appropriate technology develop-
ment, some of which is currently ongoing, sluminum can be diluted through the use of
either continuous fibers (graphite, boron, $S1C) or discontinuous reinforcement (whiskers
or particles of SiC, B4C, etc.). Because many properties will be significantly improved
by the fiber additions, less material will be needed to meet system requirements. This,
combined with the "dilution" effect, can reduce the amount of matrix required by 50% or
more. To continue with the aluminum example, Figure 7 shows an example of a "hybrid"
composite containing both graphite and boron fibers, with graphite being used for maximum
specific modulus in one direction and boron used to provide specific strength in the
direction transverse to the graphite fidbers. Even more complex composites have been shown
to be feasible, using both boron and graphite fibers in saluminum and particulate silicon
carbide added to meet system requirements for shear strength. Such a composite material
not only conservcs the base metal but, through system-specific design, can be used to
replace structural steel containing high percentages of chromium, cobalt, etc.

Another composite material which offers strong incentive for development is rein-

forced coggcr. Copper is a domestically abundant material with a relatively high melting
oint (10830C), but it has not been used extensively for high temperature applications
ecause of high density and poor mechanical properties. The potential as a composite
matrix, however, is outstanding because of its chemical compatibility with a wide range

of reinforcements. Figure 8 ligts some continuous and discontinuous candidate reinforce-
ments. Fabrication feasibility of several of these has already been shown. Figure ¢ is

a photo-nicrog::gh of copper reinforced with continuous graphite fibers. Excellent trans-
lation of mec cal properties was obtained. Moreover, mechanical properties are quite
attractive at temperatures up to 8009C. Strength as a function of temperature is shown

in Figure 10. Clearly, the effect of reinforcement on high temperature strength reten-
tion {s worthy of note. In the same manner, modulus characteristics sre markedly improved,
as shown in Figure 1l. It can be concluded that selection of low donoicz reinforcements
makes copper competitive with stainless steels and Inconel in the 500-8000C temperature
range on the basis of specific mechanical properties. For some applications, the extremely
high thermal conductivity provides another major advantage. Figure 12 is a photomicro-
graph of continuous silicon carbide fibers in copper. ese fibers have extremely high
compressive ltrcngth in comparison with graphite. Property translation is excellent at
room temperature but additional high temperature data is required in order to show the
potential of this system.

The Navy program to develop alternates for critical/strategic material is summarized
in Figure 13. As shown, the effort is divided into four categories, i.e., evaluation of
domestically abundant materials, development of domestic high temperature design options,
fabrication of new materials and alloys, and conservation of critical materials. asks
within each category are summarized in the remainder of this paper.

A. Utilization of Domestically Abundant Materials

Three programs in this category, will be oriented specifically toward future
systems applications. The objective of the first program will be to replace CSM compo-
nents in a generic tactical missile design with components constructed entirely of domes-
tically abundant materials. Missile operational requirements will be selected, materials
design concepts and tradeoffs will be identified, and a data base on selected materials
test specimens will be generated. Promising design options will be selected for scale-up
and evaluation. The second program will address secondary structural components of air-
craft. Alternate materials and designs will be selected, fabricated and tested. The
objective of the third Yro;ra- will be to provide a metal matrix composite alternate as a
second source for beryllium components. sliminary work has shown potential for
selected composites in this application.

B. Development of Domestic High Temperature Materials

There are numerous htg& temperature domestic metals which, when reinforced with
graphite or silicon carbide fibers have excellent potential as a design optior for high
temperature strategic metals and superalloys. Under this task, metal matrix composite
samples will be Yrcparod and evaluated to determine maximum feasible operati tempera-
tures. A thermal and mechanical sropcrtlol data base will be generated on selected matrix
alloys, fiber reinforcements and fiber volume composites. An effort will also be carried
out to extend the objectives of the metal matrix composite task by addition of high tem-
perature metal foils to the basic composite material. RKffects of the foil on ghyltcal.
mechanical and thermal properties of the resulting "hybrid" design options will then be
determined for selected cowbinations.

C. Evalustion of New Materials and Alloys

The d-vologlcnt of ceramic composites is in its infancy in the United States.
Alt there has been sxtensive work to deveiop high gorlotnlneo carbon-carbon compo-
sites {one class of ceramic composite) little else has been done to advance the state of
technology of reinforced ceramics. A program will be started to identify materials
property requirements which may be met by ceramic sites, define promising composite
constituents, and conduct laboratory evaluation of selected fabricated materisls. Under
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another task, an analysis of the potential for using zirconium as an alternate materisl
will be conducted. Zirconium, although domestically abundant in the U.S., has been under-
utilized for many years. If the analytical results are positive, a program to introduce
zirconium into a few selected applications will be organized and {nit{ated. In the final
task planned for development of new materials and alloys, a thorough literature sesrch to !
determine the feasibility of developi 8 corrosion resistant magnesium alloy will be 3
carried out. Magnesium, also abundant in the U.8., corrodes readily, plttlcu{.tly in the H
range of operational Navy environments. It is believed that corrosion may be signifi-
cantly reduced by alloying the hase metal with appropriate domestic alloy metals. If :
results of the literature search are positive, a materials fabrication and evaluation :
plan will be developed.

D. Conservation of Critical Materials

Work has been conducted to develop a near-net shape casting process for sub-
components of a post-hoost propulsion system. The sub-components are currently machined
out of billets of columbium, resulting in most of the starting material being reduced to
scrap. The proposed casting process will reduce material requirements by more than 80
percent, and result in sign%ficantly reduced labor and machining costs. An exploratory
task is also under way to develop a pressure casting process which will eliminate the
"pipe' formed during recrystallization. Utilization of the entire cast billet is thus
achieved.

In conclusion, the Navy has responded to the Department of Defense plan to satiafy
potential strategic and critical materials problems. A program to develop design options
based on exploitation of advanced composite materials has been generated, and particular
attention will be given throughout the program to transition of the new tcchnogogics into
advanced systems applications. It {s believed that, by concentrating on the development
of new composites and design options based on domestically abundant materials early on,
major problems resulting from our inability to import strategic and critical materials
can be avoided in the future.

(1) Research and Development Plan for Satisfying Department of Defense Critical/
Strategic Materials Requirements, 1 July, 1981.

(2) Hearings Before the Subcommittee on Science, Technology and Space of the Committee
on Connetcg. Science and Transportation, U.S. Senate, Serial No. 96-122, P. 406,
July 1, 1980.

(3) Statement of Dr. Michael Markels, Jr., President, Versar Inc., “Metal Matrix
Composites as Substitutes for Critical Materials', Before the Subcommittee on
Economic Stabilization of the Committee on Banking, Finance and Urban Affairs,
U.S. House of Representatives.

(4) Conference on DOD Responsibilities Under the National Materials and Minerals
Policy Act, Ft. McNair, Washington, D.C., May 5-7, 1981.
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FIGURE 1

DESIGN OPTIONS FOR STRATEGIC/CRITICAL
MATERIALS

OBJECTIVE: TO DEVELOP MATERIALS AND DESIGN OPTIONS, BASED ON
DOMESTICALLY ABUNDANT MATERIALS, WHICH WILL DECREASE
DEPENDENCE ON POTENTIALLY STRATEGIC AND CRITICAL MATERIALS

DEFINITION:
STRATEGIC MATERIAL — ONE IN WHICH THE PROBABILITY EXISTS FOR
SUDDEN SUPPLY DISRUPTION OR SHARP
PRICE INCREASE
CRITICAL MATERIAL — ONE WHICH IS ESSENTIAL FOR THE
APPLICATION—AFFECTS U.S. DEFENSE
POSTURE
SCOPE: RESTRICTED TO STRUCTURAL AND THERMAL PROTECTION MATERIALS.
RUBBER SUBSTITUTES ARE NOT CONSIDERED IN THIS PROGRAM
FIGURE 2
REPRESENTATIVE CRITICAL/STRATEGIC MATERIALS
(CSM) '
TANTALUM
CHROMIUM
COBALT
BERYLLIUM
MANGANESE
COLUMBIUM »
PLATINUM GROUP METALS ) .

OTHER POSSIBLE CANDIDATES
TUNGSTEN
GOLD
ALUMINUM OXIDE
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FIGURE 3

METHODOLOGY FOR DEVELOPMENT OF SUBSTITUTES
FOR CSM

SELECTION OF CSM FOR SUBSTITUTION

DEFINITION OF DEVELOPMENT PROGRAM

FABRICATION FEASIBILITY DEMONSTRATION OF SUBSTITUTE

SUBSTITUTE DATA BASE DEVELOPMENT

COMPONENT DEMONSTRATION AND EVALUATION -

MANUFACTURING TECHNOLOGY

SYSTEMS INTEGRATION

FIGURE 4

DEVELOPMENT OF SUBSTITUTES/DESIGN OPTIONS
FOR CSM

CSM USE ——— SUBSTITUTES/OESIGN OPTIONS ——+SUBSTITUTES ——————+ DESIGN DATA -
ANALYSIS __ IDENTIFICATION  FABRICATION  BASE DEVELOPMENT L

* IOENTIFY SYSTEMS * DOMESTIC AVAILABILITY OF ¢ FABNICATION ¢ SUBSTITUTE MATENIALS
USING CSM CONSTITUENTS PROPERTIES

FEASIBLLITY ¥
¢ PRODUCTION CAPACITY OF * PROCESS DEVELOPMENT — MECHANICAL 3
CONSTITUENTS ~ THERMAL
* PRODUCIBILITY PROBLEMS * AEPRODUCIBLLITY — CHEMICAL
— ENEAGY INTENSIVE
— CARCINOGENIC

o FACRITY SCALE-UP ¢ PABMICATE SUB-SCALE PARTS

¢ PRODUCTION DEMONSTRATION ¢ SHAULATE ENVIRONMENTAL TESTING
* PRODUCTION RELIABILITY ¢ FABRICATE FULL-SCALE MARDWARE b
* COST REDUCTION * USE-TEST FULL-SCALE MARDWARE
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FIGURE 5
SUMMARY OF CHARACTERISTICS OF NAVY SYSTEMS

CHARACTERISTIC SPACE ORDNANCE | AIRCRAFT SHIPS
MAN-RATED NO NO YES YES

VALUE OF 0.45 KG (1 Ib) $20,000 $2,000 $200 $20

OF WEIGHT SAVED

OPERATIONAL LIFETIME VERY LONG VERY SHORT | LONG VERY LONG
TIME FOR SYSTEMS 5 YR 5 YR 10 YR 20 YR

UTILIZATION OF NEW
MATERIALS®

AMOUNT OF CSM REQUIRED | LOW HIGH HIGH VERY HIGH

* TIME FROM LABORATORY DEMONSTRATION OF PROPERTIES TO ACCEPTANCE INTO A NEW SYSTEM

FIGURE 6

REQUIREMENTS FOR DEVELOPMENT OF
SUBSTITUTES/DESIGN OPTIONS

DOMESTIC AVAILABILITY OF PROPOSED SUBSTITUTE MATERIAL
NEAR-TERM SYSTEMS APPLICATIONS RECEIVE PRIORITY

DESIGN OPTION MUST OFFER A DEFINABLE SYSTEMS ADVANTAGE,
SUCH AS:

— REDUCED LIFE CYCLE COST

— REDUCED PROCUREMENT COST

— IMPROVED SYSTEMS PERFORMANCE

A COMMITMENT MUST BE MADE TO CARRY SUCCESSFUL
DEVELOPMENT THROUGH SYSTEMS QUALIFICATION; AVAILABLE
FUNDING MUST INCLUDE:

— TECHNOLOGY BASE

— MANUFACTURING TECHNOLOGY

—~ SUPPLEMENTAL FUNDS FOR QUALIFICATION A8 REQUIRED




FIGURE 7 3
PREDICTED AND ACTUAL TENSILE TEST DATA FOR
CROSS-PLIED Gr/B/Al HYBRID COMPOSITE %
ULTIMATE ;
SAMPLE STRESS MODULUS
ORIENTATION {M Pa x 10°¢) (G Pa x 10°9) ELONGATION 1
0" 474.4 169.6 ~0.40% E
844.7 100.6 0.42%
| 233.0 80.3 ~0.40%
235.8 89.1 0.49°
i B -
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FIGURE 8
POSSIBLE REINFORCEMENTS FOR COPPER

B

CONTINUOUS DISCONTINUOUS i |
GRAPHITE TiC ! ‘y
sic TN i
BORON sic
: . A0, SiyN,
3 TUNGSTEN B.C
: MOLYBDENUM TIB,

SELECTION WILL BE BASED ON FIBER-MATRIX COMPATIBILITY
AT MAXINUM FABRICATION TEMPERATURE AND/OR MAXIMUM
USE TEMPERATURE
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FIGURE 9

MICROSTRUCTURE OF GRAPHITE REINFORCED
COPPER WIRES
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FIGURE 10

EFFECT OF GRAPHITE REINFORCEMENT ON
ULTIMATE TENSILE STRENGTH OF 113 COPPER
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FIGURE 11

EFFECT OF GRAPHITE REINFORCEMENT ON TENSILE

YOUNG'S MODULUS,
E (G Pa x10°9)

MODULUS OF 113 COPPER
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FIGURE 12

CROSS SECTION OF SILICON CARBIDE COPPER (0.14
MM DIAMETER FIBERS)
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FIGURE 13
NAVY DESIGN OPTIONS PROGRAM

(PRIMARY CATAGORIES/PERCENT OF EFFORT)

UTILIZATION OF DOMESTICALLY ABUNDANT MATERIALS
— TACTICAL MISSILE SYSTEM COMPONENTS

— AIRCRAFT SECONDARY STRUCTURAL COMPONENTS

— GUIDANCE SYSTEM COMPONENTS

DEVELOPMENT OF DOMESTIC HIGH TEMPERATURE MATERIALS

— FABRICATE AND EVALUATE GRAPHITE REINFORCED COPPER

— INVESTIGATE STABILITY OF HIGH TEMPERATURE METAL CLADDING FOR
METAL COMPOSITES

EVALUATION OF NEW MATERIALS AND ALLOYS
— CERAMIC COMPOSITES

— ZIRCONIUM — POTENTIAL FOR UTILIZATION

— CORROSION RESISTANT MAGNESIUM

' e CONSERVATION OF CRITICAL MATERIALS
— NEAR-NET SHAPE PROCESSING
— PRESSURE CRVYSTALLIZATION

(40%)

(30%)

(20%)

(10%)
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Ceramtcs as Subatitutes for Scarce Metals

R, Nathan Katz
Army Materrials & Mechanlcs Research Center

R AD-PO04 224

da ko domestic avallabilisy of rritical industrial metals, such as chromium and
tajt make *te 1,0, eronomy vulnerable to supply dlsruption, or cartel inspired

price manipulattion, These criti{-al metals are primarily used as high temperature,

Sorroalon resistant or metal cutting alloys. Modern high performance ceramics

are at*ractive sutsritutes for oritical metals in many of these applications. This

pajer will explore cpportunities for the use of ceramicrs as gsubstitutes in several

exampie appitcatlons,

Absira-t

introdust Lo

The DU, s raomy has tecome increasingly dependent upon lmported minerals and
Tuels during re jas' few decades. In the cage of oll, this was dramatically brought
tome * tte gereral publite by Y1 pest 1973 energy crisis with its attendant gasoline
Vines awrod [roreased transportation and utility costs, Less obvious to the public,
Ut oegual o L0 potential for economic disruption, (s our heavy (and growing) dependerice
roimports U or many vital lgdustrial metals. Various studies over the past ten years
fave deajl’ with this {asus, Table I lists several industrially important me ‘s
nd “he extent o which the .5, relles on imports to satisfy its national reg..rements,
A ojajer wiil “ocur on chromium and cobalt, because they top most lists of "critical”
mAater.als o atd serve as typlcoal xamples of the critical materials problem in general.

Table |. IMPORTS OF STRATEGIC MATERIALS
PERCENT
DOMESTIC IMPORTED %

METAL PRODUCTION % (1980)
CoLumBIUM 0 100
MANGANESE ] 97
COBALT 0 91+
TANTALUM 0 97+
CHROMIUM 0 91
PLATINUM GROUP NEG 81
NICKEL 9 n
“DIFFERENCE 1S DUE TO SALES FROM FEDERAL STOCKPILE
DATA FROM REF, )

TABLE [

Before addressing the question of how ceramic technology csn help reduce the
severity of the "critical” materials problem with respect to chromium and cobalt,
and N{, we need to have some pergpective on several isaues, First, why are these
metals industrially important? Second, is it really a probiem that they are imported?
Once we have some perspective on these issues we are in a position to ask the third,
and key question, namely, what is required of those materials which might substitute
for chromium and cobalt. A fourth important question that one might ask {s “Are there
different types or categories of substitution?”

This paper will briefly address the above questions and ther. p.oceed to provide
fllustrations of how variocus high performance ceramics are curre tly contributing
to the industrial world's technical options for materials substi:ution. In several
of these cases the potential for conservation of “critical” saterials {s accompanied
by major opportunities for energy savings or productivity enhancement,

The Industrial Importance of Chromium and Cobalt

Chromium and cobalt each play significant roles in the metallurgy of high teaperature
ang/or corrosion resistant structural alloys. These alloys are the backdone of a
modern, industrial society. The superalloys used in gas turdine and jJet propulsion
engine technology are critically dependent on these two metals. Thus, their availabilit:
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tr key to our civil alr transportation system, our military aviation, and in many
lavations, the avallability of adequate electrical peak load generating capacity,
Chromjum {5 essential for stalnless steela., Aesthetlca aside, food proucessing, high
temperature chemical priocesses, and several fuel proceasing technoluglies are dependent
on this metal, Cobalt is aiso hgavily used in superalloys (45% of the U.S. consumption
~f cobalt goes intc auperalloys’). (obalt s a major constituent of the “"stellite"
family of high hardneas, high temperature alloys used where wear resistance At high
temperatures is required., Cobalt also plays a major role in magnetic alloys and high
performance magne!ic compounds such B8 the AINICo's and  .mCo, Indeed, one sixth

~f the free wcrld's cobalt usage is for magnet!ic materliald, fhls element also 13
importan! as a liquid phase sintering aid for WC cutting tonls or wear components

(ir ~flwell drilling equipment for example)., Many more axamples could be cited, but
‘he central poeint 18 clear, the availability of chromfum and cobalt {8 essential to
the maintenance of an industrial economy as we now know {t.

The Frotlem

simply stated, while U.S. economy is critically dependent upon these two elements,

we import virtually 100% of cur needs. Moreover, the sources of supply are vulnerable
*odisruption ejther in the event of civil or regional war, or as the resgult of adverse

i iitical dectistions of unfriendly governments (see Table I1). In addition, the possiblity
¢ ar. CPEC-1i{ke cartel cannct be ignored. If all of this seems a bit melodramatirc

©* in well *o recall *hat In 1978 one resylt of rivil war in Zatre's Shaba Province

wit ‘he brief {nterruption of cobalt production and the price of ccbalt on the spot

~areet jumped from . $10 tc - $40. Even If suppllies are not actually cut off or inter-

rup et such price turbulence 18 not ronducive to economic stability.

| CRITICAL INDUSTRIAL ELEMENTS I

RESERVES PRODUCTION

ELEMENT 1% WORLD) (% WORLD)
Cr REP. S. AFRICA - 69 REP. S. AFRICA - 35
<ZIMBABWE - 30 USSR - 25
(CHROMITE) «ALBANIA - 11

*PHILIPPINES - 6
*ZIMBABWE - 6

Co «ZAIRE - ~30 *ZAIRE - 50
USSR - ~20 oZAMBIA - 10
oNEW CALEDONIA - ~18 USSR - 8
*CUBA -7
*CANADA - 5
TABLE 11

Requirements For Substitules

what 18 required of substitute materials for chromium and cobalt? The answer
fullows directly from a —onsiderati. . of the spplications of these two metals as just
disrussed. A primary requirement is the ability to function as a structural material
at high temperature. This implies hign temperature strength, strength retention as
a function of time (l.e., guod stress rupture behaviur), and reasonable fracture tou th-
rnesa, Chemical inertness {s of particular i{mportance for applications in severe environ-
ments such as chemical processing, gas turbinea, industrial heat exchangers, or metal
cutting tools. Thus, corrosion and erosion reststance of possible substitutes will
be important., These are all rather obviovus considerations, there are several others

which are less obvious. When ore 18 presented with an opportunity to make a materials
subs*{tution ore should also ask:

Is 1t possitie Lo use & material which will require less energy to produce
and utilize throvghout the material's life cycle?

Is it poasible to use a domestically available as opposed to an imported raw
material?

Is it possible to use a raw material which would minimize environmental impacts?
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As we shail nee

“artide,

ftes) have potential to

iri the next
transformation toughened zirconia,

ailleon nitride,
if not all, of the above requirements,

nection,

satiafly most,

Higr Ferf.rman-e Ceramics Aa Substitutes

High performance -
With the exception 08
materials retain thelr strength to 2000°F, and beyond {(see Table IIIl).
SN
CEGOTF than the high ?emperaturv Ni and Co contalning superalloys at 2000°F,
differencr:
density between the ceramics and metal shown in Table 111 mean that one cannot,
simply substitute a ceramic component for a metallic one.
tricorporation of a ceramic substitute will usually result in large

r.om temperature,
Figuge 1, 5iC, and
significant

general,
these differences,

eramlcs, for the most part,

exhiblt
transformation touughened zirconta (TTZ) these

the modern high performance ceramics (silicon

and ceramic matrix compos-

outatanding strength at

As shown 1in

4 offer significantly better atress rupture perforgance at

The

in *hermal expansion and conductivity, Young's Modulus, and

in
A8 a result of

changes in temperature and stress distributions, moments of lnertia, component deflec-

tinng, and welght
and redesigred ¢

distributions.
accummodate the ceramic substitution.

Therefore,

the entire system must be re-analyzed

0 :
100 B~ Hot-Pressed Si3Ng (High -Time Dependence’ ‘,
b He-Pert :
_ e — (¢1aMICS 2
= Sintered SiC iLow-Time Dependence: 22009 i
£ - 2000°%
& uM Hi-Pert - NiCo
—~—— Superalioys
( 1 o.. René-80, “
8- 1900 :
1 aeisasasal U BTV ST GO YN ——i Y
0) ) 10 100 1000 z
Time, hours f
5
FIGURE 1
MATERIALS OF INTEREST - PROPERTIES COMPARISON {
THERMAL THERMAL %
STRENGTH STRENGTH SPECIFIC CONDUCTIVITY EXPANSION
MATERIAL ®1) 2000°F) GRAVITY (BTUM? %R {in. An. PP 3
VARYOUS SINTERED SIC'3 0w 0 SAME 32 % % 100 25w 30 3
FLEXRED ®.T N 200 ®.7. o 2000 i
VARIOUS SINTERED Shyg's 30 100 asd SAME 2192 Ve 12w 20510°¢ :
LEXURE) Mm.T % 20009 Mm.1. o 2000°F)
TRANSFORMAT 10N 0% % isi 2 NOT WELL 58 1w? twisxio®
TOUGHENED 2107 M) (FLEXURE) KNOWN R T %o 20000 m.1. o 20P0)
SICAAS COMPOSITES % 0 120 tsi 10 %0 130 b3 24 NOT AVAILABLE Yo asiod
(FLEXURE |1 % 20000
STELLS UM00, O, 00, 150 %0 200 kst USELESS 4 Bmy (X 13 ad
W0 SERIES) TENSILE YIELD) 100 ® 150 ksi, 18 (120097 1. o 120000
1000°F
CAST {RONS 0 o 00 ksl USESS 118 WM W10
TINSILE YIELD) @ ksl 00PF) MT % 1P
ALUMINUM ALLOYS ® 130 k) USELESS 23 WROMT) 12w uriod
TENSILE YIELDY Q0 ti, 400P%) T w00
TABLE 111

Silicon nitride and SiC have demonstrated outstanding corrosion and erosion resist-
ance in such aggressive environments as gas turbine engines, heat exchangers and a

variety of seal and bearing applications.

can endure the rigors of contact with molten steel for significant times.

Zirconia is one of the few materials which

Concerning the energy input for making a ton of superalloy versus making a ton
of high performance ceramic, Davidge, has performed some interesting calculations.

Comparing the energy input to win the elements required to produce a ton of a typical
Ni-Cr-Co alloy with that to produce a ton of silicon nitride, he c,lculuted 36,000

ve. 19,000 kWh/ton, a nearly two to one advantage for the ceramic. After this point,
comparisons became very (mprecise, but if a near net shape sintered cor HIP'ed ceramic
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part ~ould be substituted for a metallic one which required significant machining,

1t {5 likely that the energy advantage of the ceramic can be maintained. However,

the main energy savings which will accrue from ceramic substitution are to be gained
through improved systems efficiency as illustrated in Table IV. The author has calculated
that such fuel savings,would be in the neighborhood of ~ $17 billion per year for

the U.S. ecnnomy alone .

Table IV, DXAMPLES OF PROJECTED ENERGY SAVINGS FROM USE OF CERAMIC TECHNOLOGY
REDUCTION
IN FUEL
TECHNOLOGY SYSTEMS CONFIGURATION USE (W
GAS TURBINES
AUTOMOTIVE ~150 hp, REGENERATED, SINGLE-SHAFT ENG INE, Fid
13709C TURBINE INLET TEMPERATURE
TRUCK ~350 hp, REGENERATED, TWO-SHAFT ENGINE, 1
12409C TURBINE INLET TEMPERATURE
INDUSTRIAL/SHIP  ~1000 hp, SIMPLE-CYCLE, THREE-STAGE ENGINE, 10
1370PC TURBINE INLET TEMPERATURE
DIESEL ENGINES
TRUCK ~500 hp, ADIABATIC-TURBOCOMPOUND, 1210°C 2
MAXIMUM COMPONENT TEMPERATURE
INDUSTRIAL HEAT
RECOVERY
RECUPERATORS SILICON CARBIOE RECUPERATED SLOT FORGING Q
FURNACE OPERATING AT ~1300°C

TABLE 1V

The use of high performance ceramics is likely to be minimally disruptive of
the environment. Many commercially exploited metal ores yield only 1% or less metal.
Thus, to obtain a ton of metal, one may have to mine 100 tons of ore, crush and leach
1%, and then have to put 99 tons of comminuted ore back into the excavation. Comminuting
a s0lid (ore) intc a powder approximately doubles the original volume. This accounts
for the mountains of tailings surrounding most minln% sites, Since high performance
;eramics depend upon N,, C, O,, as well as Si or Zr (from sands), no such unsightly
ervironmental dlutruptfon as tailings will be created. Of course, one of the most
important benefits of the N,, C, O?. or Si based ceramics is that they are universally,
aburidant and potentially chgnp.

The one drawback to the use of high performance structural ceramics is thelr
inherent brittleness., In order to successfully utilize Lhelgennteriala. one must
denl with this by using the appropriate design methodclogy. In a previous paragraph,
the term "reasonable toughness™ was cited as being an important structural requirement.
A material can be brittle, and at the same time be tough enough for structural use!
Figure 2 gives the range of several metals and polymers commonly used as engineering
materials, {t ia important to note that the high perfurmance ceramics possess fracture
toughness in the same range of values., This strongly infers that structural design
with ceramics can be successfully executed. As we shall see later in this paper,
that is indeed the case,

Substitution Models

In order to devise a successful strategy for materials substitution, {t is important
to know what type of substitution you are trying to affect. Figure 3 lists two major
types of substitution, reactive and proactive, with examples of each. Reactive substitu-
tion is sub-divided into two classes, replacive and displacive. Replacive substitution
ia done for purely economic reasons. Material A is getting too costly so use material
B. No increase in, or benefit to, systems performance is sought. In displacive aubstitu-
tion, Material B may or may not be less costly than Material A, but using it enhances
systems performance to such an extent that it will displace Material A, We are all
familiar with this type of substitution from the current displacement of copper tele-
phone lines by optical waveguides (510,). The concept of proactive substitution is
rether new, Briefly, it {s to have a attble technological alternative to the application
of scarce materisls sufficliently developed so that the scarce materials will not have
to be utilized in the first place.

2
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14.5
ROOM TEMPERATURE FRACTURE TOUGH
OF VARIOUS MATERIALS
k!
p
k]
FIGURE 2 3
) A
T balance of the paper will give examples of ceramic technology applied to each major category
of materials substitution ahown in Figure 3 and discussed above.
i ' MATERIALS SUBSTITUTION MODELS ] ]
;;'
1
REPLACIVE FERRITES FOR Co ALLOY MAGNETS
SUBSTITUTION < SIC FOR STELLITE MACHINE GUN
BARREL LINERS
REACTIVE SIALON FOR WC/Co TOOLS i
FIBER OPTIC WAVE GUIDES FOR 4
DI SPLACIVE COPPER WIRE ,
SUBSTITUTION UNCOOLED StsNg OR SIC FOR AIR § ;
COOLED AIRCRAFT ENGINE 3
COMPONENTS
SigNg OR SIC FOR SMALL AUTOMOT)IVE
. GY COMPONENTS !
- PROACTIVE ‘ J
: SiaNg, SIC, OR ZrO FOR “WATERLESS
Pz \onwfommc DIESEL ENGINES

FIGURE 3

A Ceramic 50 Cal. Gun Barrel Liner

The application of high performance ceramics to substitute for the current stellite
( ~-60% Co) 50 cal. barrel liner in the M-2 machine gun, is & good example of a potential
replacive material substitution. The driving force to initiate feasibility studies
for such substitution was economic; the previously ~ited quadrapulti of the price
of Cobalt due to the civil war in Zaire. No significant gain in performance was antici-
pated.

Pigure 4 lists the properties that one would desire of a ceramic to be utilized
as & small calider gun tube liner. Based on these properties, sintered SiC, sintered
ale“. transforsation toughened zirconia, and a glass matrix composite were selected
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as viable candidates. ailability of material led to investigating sintered a-S5iC

first. Bunning, et. al.', have previously reportad on & successful 1000 round, single
shot smooth bore feasibility demonstration. Wong has recently demonstrated that

rifling of such inserts is feasible and should not be excessively expensive in production.
Recent tests have shown that graphite rebnforced glass composites can survive single

shot firing tests, but erode excessively . However, the limited success indicates

that a wider latitude in material properties exlsts than previously thought. Also,

as improved matrix materials are developed ceramic matrix composites might be very

well suited for this application,

lotsmo PROPERTIES FOR CERAMIC GUN BARREL ums:]

MELTING POINT 2 2600°F

MOR (RT) > %0 ksl

a = 15/0C

t RY 230 x 100 psi

H HIGH

X Low

I Low

At HIGH

FIGURE &

Before SiC or alternative high performance ceramics are deemed acceptable for
use as small caliber gun barrel liners, more testing of durability under single and

burst firing conditions and rifled as well as smooth bore testing must be carried
out,

EE‘EA Cutllgg_joola

The recent introduction of Si.N, based cutting tools into the marketplace will
make an interesting case study of alﬁplacxve substitution vis-a-vis cemented WC.

In this case the substitution will be displacive since significant enhancements in
Jr-ductivity are attained, Figure 5, based cn a recent press release from the Ford
Motor Co., shows the major potentlial for 1ncrgused ereuctivity in machining cast
iron.  Similar gains have been cited by Jack,” Lumby, and promotional literature
from Kennametal and GTE. Several of these sources also indicate that St Nu based
tecls provide enhanced rates of metal removal for Ni based superalloys. 3

As noted irn Figure ), researchers at Ford have found that Si,N, based cutting
tuuls do not fall catastrophically, they become dull and can be raa arpened and reused

(as a smaller slze tool). This is an interesting illustration of a ceramic possessing
s "reascnable toughness” in a most aggressive application.

|CERAMIC CUTTING TOOLS FOR PRODUCTIVITY ENHANCEMENT l : ';

FORD $-8 {SILICON NITRIDE) CUTTING TOOL DEMONSTRATED: P
A\l
o LONGER LIFE

b

0 220% PRODUCTIVITY ENHANCEMENT t

ESCORT CLUTCH CYLINDER MACHINED IN 18 sec
VERSUS 58 sec STANDARD

O CAN BE RESHARPENED AND REUSED

(SOURCE - FORD MOTOR CO., CORPORATE NEWS
DEPT. RELEASE, 112278

FIGURE 5
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14.7

Ceramics for the Adiabatic Diesel Engine

The dierel engine 18 capable of considerable development via the turbo-compounded
“Adiabatic Diesel,” which runs hcet, eliminates the water cooling system (and consequently
the heat lcost to that system), and extracts useful heat from the higher temperature
exhaust gas via a turbine. Use of such an engine can reduce specific fuel consumption
by 35 percent and simultaneocualy increase specific power. As a consequence of eliminating
the water cooling system, a 50 percent increase {n engine rellability is projected.

In order to obtaln such gains, very efficient fnsulation of the combustion and
exhaust portions of the engine system is required so that the exhaust gases will have
the highest energy content to transfer to the turbocompound system, Therefore, the
two potentially contending technologles would appear to be insulated high temperature
metals or self insulating high temperature ceramics. Thus, the adiabatic, turbo-compound
diesel engine provides our first example of a potential proactive substitution. And
in fact, proactive substitution by opting for ceramic technology 1s what {8 occurring.

Even casual readers of the busjiness or popular scientific press have become Aware
of the world wide race to develop a ceramic based, waterless or "Adlabatic” diesel
engine. While it appears th.t the Japanese may be leading at the moment in the area
of light duty diesels fur passenger car use, the U.S5. appears to have the lead in
the development «f lhe adiabatic engine for heavy trucks, The world's most fuel efficlent
(.28% 1b/hp-hr specific fuel consumption) engine is a joint development of the U.S.
Army's Tank and Automotive Command (TACOM) and the Cummins Engine Co. A recent paper
by Bryzik and Kamc (11) provides an in depth status report on this engine,

Briefly, an early version of this engine utilizing ZrO, based coatings in the
combusrtion and exhaust areas, has bLeen installed and succesﬁfully run in a $ ton truck.
On the road fuel economy exceeded expectations going from - 6 to ~ 9 mpg (in a lightly
loaded condition)., Over 3000 miles of successful testing has been carried out. This
engine has demonstrated reduced emissions and enhanced multi-fuel capacity. The engine
has no radiator, hoses, fan, or associated belts. In fact, this version of the Adiabatic
engine has 361 fewer parts than the standard cooled engine from which it was derived.

Presently, the piston, cylinder liner, cylinder heads, exhaust, and intake parts
are coated with a ZrO, based cnating. Future versions of the engine will utilize
more ceramic coated og even monolitic ceramic components.

The fact that a viable ceramic materials option (Zr0, based coatings) was avallabdle,
has enabled the TACOM/Cummins design team to take a proactive materials substitution
position eliminating the need for extensive use of critical materials to provide the
worlds mcst fuel efficient vehicular engine technology.

Summary

1. It is becoming increasingly apparent that high performance ceramics can function
in many of the industrial roles now filled by chromium or cobalt containing alloys.

2. Replacive, displacive, and proactive substitution of critical materials by
Lagh performance ceramics are currently under development,

3. Major areas where gtructural ceramics are likely to substitute for "critical”
metals in the near to mid-term future include: heat engine components, cutting tools,
and amall caliber gun barrel liners,
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NEW DEVELOPMENTS IN MATERIALS RECYCLING
BY THE U.S. BUREAU OF MINES

by Robert C. Horton, Director,
and
Charles B. Kenshan, Chief, Division of Materials ant Recycling
Technology, bBuresu of Mines, U.S, Departsent of the Interior
2401 E Street, NW Washington, D.C. 2024) /

ABSTRACT

The U.S. bureau of Mines has been a strong advooate of materials recycling for over 50 years and
has emerged as & world leader in the development of innovative recycling technology. Becsuse
1ecycling conserves mineral reserves, the Bureau considers the mineral-based weste products generated
by industry and the consuming public as potential secondary aineral resources. iThis paper presents
pramising technical solutions to complex recycling problems such as recovery of cobalt, nickel, and
chromium from superalloy scrap; “he separation, recovery, and reuse of n..sel and chramius from
stainless and specialty sieel wastes; precilous metal recovery from electronic scrap; an
environmentally acoceptable method for recycling lead-acid batteries; recovery of nonferrcus wetals
fram scrap autamobiles; and rapid scrap identification sethods suitable for today's modern alloys.

UNIT OF MEASURE ABUREVIATIONS USED [N THLS REPORT

*C degree Celsius L liter

o cent imeter 1b pound

re foot [} mter

['{ grem [ ] nancmeter
@l  gallon o amnoe

h hour mt  peroent
in inch ] seoond

K Kelvin L short ton
kg kilogram y year

kW idlowatt

INTRODUCTION

The mission of the U.S5. bureau of Mines {s to help ensure the cont inued viability of the domestic
minerals economy and the maintenance of an adequate minerals base 50 that the Mation's eoconamic,
social, strategic, and envirommental needs can be met. As part of that mission, the Buresu oonducts
rescarch programs to provide ned and improved teahnology for recovering and recycling metals and
ainerals from a variety of waste materials. The recycling program addreeses the btasic objective of
recovering for reuse the metal and mineral values contained in wastes. This recovery and reuse will
lessen U.S. import dependence on strategic and critioal metals (Cr, Co, and Ni), as well as other
econcmically important oomsmodities (Po, Al, In, Cu, and precious metals). The Bureau of Mines views
recycling as an important and valuable msana of conserving ainerel regerves and considers the
aineral-besed waste products generated by industry and the consuming public as potential secondary
resources.

Authority for this research is derived fram the Organic Act of 1910 (30 U.S.C. 1-11), whio.
established the Bureau of Mines. It was later reinforced by the Mining and Minerals Policy Act of
1970, Public Law 91-131, which atates in part "8904i¢ i3 the continuing policy of the Federel
Government in the natiomal mumtwrmwwm'“munwmycuf,oflcmw
prasote the wise and efficient use of our natural and reclaimable minerel 88, % The most
recent legislation affecting the Bureau, the Netional Materials and m.mn.ln Policy, Research and
Development Act of 1980, Public Law 96-479, specifically directs it to increase the level of
metallurgical research in the ares of strategic and oritical materials. Current recyoling progras
emphasis is on recovery of Co, Ni, and Cr from superalloy, stainless ateel, and specialty stesl scrap
and wastes.

The Buresu of Mines has been involved in recycling ressarch for over 50 years, and in the 1970's
was recagnized as a world lesder in the field by the Buresu Intermational de la Mecupsretion, a
worldwids organization of recyclers. That organization presented its first gold wedal to the Buresu
in April 1979, in recognition of its outatanding achievements in recycling technology over-ths years.

As a result of its extersive ressarch efforts i{n recycling, m&mmmmmnxwa
oadre of solentists and engineers who use their sstallurgioal and minerals prooesssing
sxperiencs to solve the oomplex recycling problems created by modern wetal cal teahnology. m
buresu’s Minerals and Materials Ressarch aotivity, whioch is oomposed of over employees at 7
ressarch facilities located across the United States, is vwell equipped to address sodern reayoling
problems and has made many signifiocant contributions to recycling technology.
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In the late 1950's, Buresu scientists developed the technology needed to dispose of 9 million
surpluas Cd-Mg oasings produced for World War II bombs. A vacuum distillation and selective
condensation process was devised that allowed the surplus oasings to be refined into marketable Cd
and Mg products (1). A more recent achievement was the development of a practical method to recover
Co and refractory carbides fraom cemented cardide scrap. The Buresu patented proocess (2) involves
heating the oarbide scrap in molten In, which breaks down the Co matrix. When the Zn is removed by
vacuum distillation for reuse, the carbide and Co re=ain in a brittle mass that omn be ground to
reusable powder. At least seven companies are naw using this prooesss Lo recover cardide scrap that
was previously discarded. Another Bureau patented process (3), for separating and recovering the
metal, ainerul, and energy values ocontained in municipal solid waste, has been adopted in whole or in
part by many smnicipalities in the United States and abrosd. A $50 million recycling plant based on
this technology was constructed in Monroe County, New York, and is capable of processing about 1.8
million kg (2,000 t) of sunicipal waste daily.

This paper presents some examples of recent Buresu research that show pramise for solving complex
recycling problems. Topics disoussed include recovery of Co, Ni, and Cr fram superalloy scrap;
Se; ration, recovery, and reuse of Ni and Cr from stainless and specialty steel wastes; precious
metals recovery from electronic scrap; a hydrametallurgioal msthod to recycle scrap Pb-acid
batteries; recovery of nonferrous setals fram scrap autamobiles; and development of scrap
identification methods suitable for today's modern alloys.

To acoomplish its research effectively, the Buresu, through formal and informal agreements,
consults and cooperates with such prestigious U.S. recycling organizations as the National
Association of Mecycling Industries, the Institute of Screp Iron and Steel, the Aluminum Recycling
Association, the Amerioan Iron and Steel Institute, and the American Foundrymen's Society, as well as
with sany individual oampanies involwved in handling and recycling ferrvus and nonferrous scrap. This
sutual cooperation snsures that the Buresu's recycling program addresses real problems of national
significance and enhances technolagy transfer to users.

SUPERALLOY SCRAP (SAS)

Bureau of Mines interest in finiing an efficient and economical method to treat SAS dates back to
the early 1960's. Teohniques for recycling Ni- and Co-base alloys had been devised but were camplex,
costly, and/or inefficient in recovering both the major and minor oomponents of screp alloys. One
early Buresu schems to treat SAS involved a sulfation and leaching treatmsnt of oxidized alloy to
remove Co and N1 sulfates with Mo, W, ~nd Cb remaining in the residues. Electrolysis in Hy30y was
used to disasolve the alloys (&), A - .- Bureau technique consisted of a nambined solvent
extract ion-electrolytic sethod for prouucing high-quality Ni and Co fram Ni0Oo containing 76 pet Ni
and 0.8 pct Co as well as other metals (5). Still another wmethod involved cﬁmm reclaiming of SAS
turnings, borings, and grindings in’'a chlorinsted acid sclution with separation and recovery of each
camponent metal by a series of operations camprising ocarbon adsorption, solvent extraction, and
selective precipitation (6). Several electrochemical techniques also were developed using
dlaphrage-typs cells. One was a combination solvent extraction prooedure to remove and Separate Co
and Fe fram Ni followed Dy electrodeposition of pure Ni and Co from chloride-based purified
electrolyte (7). The other empioyed a diaphraga-type electroytic oell that was 80 pot efficient in
rgoonr-xm Co and Ni. However, no satisfactory method was developed for reclaiming Cr from the scrap
8.

Recently a oamprehensive study (9) of the damestic availability of Cr from six classes of SAS was
conducted and published using 1976 data. (See Tadle t.) The six alloy classes in this availability
study were as follaws:

1. Investment cast Ni- ang Co-base,

2. Hardfac.ng oast Ni- and Co-base,

3. Wrought Ni- and Co-base,

&, Wrought Ni-Fe-base,

5. Hoat-resistant alloy castings,

6. Corrasion-resistant alloy oastings.

Table 1 - U.S. avallability of six clasass of SAS oontaining Cr

Downgraded . . . . . oo . o0 o] N6 | 1049 | 18
Exported . . . . .20 el 89 | 19T | 3
LOBt o v ¢ o v e 0o v 0 00 0 0] 17. .

Jotal (1976 data) . . . . .| N

The lost material was primarily oxide contaminated and not econcamiocally recoversble. The
daengraded and exported categories, however, oontained 10 million kg Cr (22.1 million 1b), 2.7
aillion kg Co (5.9 million 1b), and 28,0 million kg Ni (53 million 1b), Based on this information,
the Buresu of Mines initiated several research projects to develop econamiocal ssthods to recover the
Cr, #5, and Co fram some of this material.
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A scheme for recovering Cr and other metals fram SAS is described in detail i{n a Bureau publication
(10). As in other prc a blented scrap charge is melted and partially oxidized, resulting in
Ti, Al, Zr, and Hf, but uttlo Cr is segregated to the slag. The bath is then sulrldiud to forw a
partial matte, a uxtun of molten wetallic sulfides. bWhen solidiftied, the matte contains three
m jor camponents: nickel sulfide (N1352). ohromium sulfide (CrzS3) and a Ni-rich setal phase, The
sulfur content of the smtte is critical.

At the optimm sulfur level, virtually all of the Cr is contained in the CrpS3, and a good
separation is possidle. Subeequent separetion of the metal and sulfides can be achioved by
convent ional magnetic separstion and froth flotation or by othor mineral processing techniques. The
essentially Cr-free, Ni-rich camponents are then given s hydroochloric acid-chlorine leach (HCi-Ci1p)
that leaves elemantal sulfur as a recoversble residue. The Fe and Mo are remcved by hydrolysis.
Solvent extraction and electrawinning steps then produce pure electrolytic Ni and Co. The CrpS3
contains sowe dissolved Ni that ocan be removed by leaching. However, since a Cr metal product
containing Ni would probably be acoeptable for the superslloy industry, further seperation was not
extensively investigated. The preferred process involves roasting to a law-sulfur oxide product in a
fluidized-bed converter, follosed by aluminothermic reduction that produces a Cr-Ni metal ingot.

The basic process was tested i{n a series of laboratory experiments. In some oases, modifications
of the basic scheme were defined, and limited testing was conducted. Based on the results of the
experimental work, a pilot plant was designed to treat 45 kg (100 1b) of ascrap feed per hour. A
simplified flowsheet for the proposed plant ia presented in Figure 1.

P T

Slag (aluminum, thenlum)

Nonmagnetics Megnetic seperstion |—————s Magnetics ;
Flotation Nicke! sulfide —————» ‘

te———{ " Loach residue  |——{ Lesch ]

[ Chromium sulfide | 1

-

t extraction

Chromium- Nickel
nichel aoy

Figure ' - Proposed flowsheet for recovery of Cr and other metal values from SAS.

alag by blaving the melt with O -N> gas mixtures. rouuimuppu'ofﬂnuu.momm Cra03
oan bs reduoesd with C, Al, or ferrosilioon to produce a ferrochraomium product. Figure 2 shows a
simplified flowsheet of the proposed pyrometaliurgical method for recovering the Cr, Ni, and Co.
four oommercial gredes of SAS were used to oonduct the experiments and test the viability of the
flousheet. Besides SAS samples, other mterials ocharged to the furnace inoluded fluxing agents and
mm-.muwunm“.-so-ummuxm-mmofmon(zommazo-u.
0.85-ig (1=1d) capmcity furnace, were used in the experimental work. The furnaces were arrangsd to
nwmwm-mmamm oxygen onto the surface of the molten baths for
oxidation purposes. Bottom-blowing with nitrogen was achieved through a tuyere. Reduction was
sooomplished by adding a veighed amount of reductant (graphite, ferrosilioon, or aluminum) onto the
surfaoe of & molten Cr-bearing slag produced during an oxidation experisent.
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Figure 2 - Unit operstions of proposed prooess for recovering Cr, Ni, and Co from SAS.

Dats obtained fram the experimental work indicated that Cr removals fram the Cr-bearing SAS
exceaded 99 pct regardless of the presence of other alloying slements. As expected from commercial
practice, no difficulty was experienced in reducing Cry03 (in & slag phase) to Cr metal, There was
no evidenoe of N1 or Co oxidation while Cr oxidized. It was poasible using ferrosilicon to recover
up to 95 pct of the Cr tnitially present in a slag phase. Sufficiently good Fe-Cr separetion to
produce a ferrochramium product suitable for steslmaking also was achieved by bottom~blawing.
Comparison of top-blaWing «nd bottom-bloving experiments with sslts having similar levels of Cr
indicate that with bottom-blaiing, Cr oan be oxidized with little or no Fe oxidation ocourring. This
could not be achieved with top-blaving. Using synthetic slags, that is, slags that were not produced '
in an oxidation experiment, a lerrochramium product was produced Lhat contained 65 pot Cr at a

2 . recovery of 95 pot of the Cr. Additional work needs Lo be conducted using an electric arc furnace to '
ineure a high-temperature slag to prasote fluidity. Oxygen lancing onto the top surface of the mslt

« 18 also proposed as the simplest way to achieve Cr oxidation. Although appropriate Cr-Fe ratios have
been obtained, the ultimste purity of the ferrodhramium product with respect to alloying elements
such as ¥, Mo, and Ts, whioh report to the slag, needs further investigation.

s e i s

Current Bureau ressarch on treatasnt and recovery of SAS includes investigations of
: methods to recover critical alloy metals fram grindings and oily ocontaminated siudges as well as bulk
! alloy sorep. One promising technique involves reacting bulk sorep with solten Al or In to form an
. casily crushable and readily dissolvadle interwstallic compound. Another schems 18 based on melting
‘ nized SAS into anodes followed by eleatrolytic recovery of a Ni-Co alloy by controlled-potential
electrolysis.
t
- The objective of the Buresu's current work on grinding wastes is to devise a method for sspareting
, and recovering Co, Ni, and Cr as well as associated setal values frun hardfaced grinding sludge
‘ ) wastes thet result fram industrial uumotnxmwmnmu(rmns). To inorease
| durebility, hardfacing u-»uuuam valves and ground to finished size. Although the initial
hardfacing alloy contains no Fe, the grindings oontain as such as 30 pot Fe tase setal ocontaminant
froa -m—fuunm. operations. Conventional minersl beneficiation techniques such as tabling,
Clotation, and m@netic ssparation were ingffeotive for separet mtallics fras troublescme
dedris. Particles of Aly0y becass entreined in the 1ic shreds and prevent the use of

grintding
phyeical separetion methods.

R
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Figure i - Hardfaced valve before grinding and Co-rich grinding waste,
(left); finished valves (right).

A conceptual fladsheet being examined to treat such wastes is shown i{n Figure 4. The grinding
> waste i3 usually contaminasted with cooling 0il and first requires degreasing before leaching. The
Jegreaseq grind.ngs contained tn pet, 30,1 Fe, 20.9 Cr, 15.4 Co, 13.6 Ni, 3.9 Mn, S.U4 W, and 10.7
acid inscluble material, which was mostly abraded grinding media. Leaching results showed that HC1
and aqueous chlorine were effective solvents for the grinding waste. Sat{sfactory metal extractions
were readily achievel with both soivents in 6 h of leaching at boiling; hawever, with HCl W
extraction was only 13.9 pct whereas with aqueous chlorine, it was 75 pct.

Grindings

|

Clodning —=0il to recycle

. : Dissorving ?“.':::.":n'gocovory ! ;
p : ‘ :
% Iron m{oction ';:;:’i:cgmoridc f
| Cobalt extraction ——-o::c::::y" {
i
Nickel extroction I:c:ﬁ"y'

To chromium recovery

Figure & - Major conoeptual op ations for reclaiming metal values from
hardfaced grinding wastes.
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Research is currently in progress to separate and recover metal values from both the HCl and
aqueous chloride leach liquora. Methods being considered are lon exchange, solvent extraction,
adsorption and sele live precipitation. Only when an appropriate metal recovery system has been
developed will a compatible leaching procedure becoms apparent.

Another pramiaing technique under study involves the formation of intermetallic compounds of SAS
with Al or Zn. The key to this work is forwmation of a readily crushadble interwetallic ocompound by
melting of fgrade scrap with Al or Zn in an inert atmosphere (Figure 5). It was determined that an Al
content of 30 pot at 1,873 K (1,600° C) was optimum for obtaining an easily crushable alloy.

Leaching alloys of this composition with 6N HC1 or 6N HpSOy at 368 K (95° C) resulted in aissolution
of over 90 pot of the alloys tested {n only 1 h. . "

N/

MELT AT 880°C |

DISTILL ZINC FOR RECYCLE

POWDER CONTAINING Ni,Co,Cr,Mo,W...|

Figure 5 - Interwetallic campound technique for reducing bulk SAS to powder.

Table 2 shows the dramatic increase in dissolution rate for three comsercial alloys using the
interastallic campound formation technique. Current studies are focused on using Zn in lieu of Al.
At 1,123 K (850° C) msolten Zn also will dissolve the superalloy material and produce the same
friadble, crushable characteristics obtained with Al, although more Zn is required than when using Al.
However, the advantage of using Zn is that it can be vacuum-distilled fram the reacted alloy material
and recycled back to the process. Additional research is being conducted on precipitatics of the
camponent mstals fram the acid leachates with the addition of Ca0 or NaOH. Controlled potential

electrolysis also will be tnvestigated as a possible method to recover the individual metal values
fram the leach solutions,

Table 2 - Weight loss afler leaching SAS with
6N HC) at 368 K (95° C), ! h, perosnt

?Esgtyl]ul? yIAu lus t Al

Mar-4-509 .......:n 66 | 92
Rerno-dl .+ . o . .+ s s o) 08 | 90

Another scheme under investigation in Bureau laboratories involves melting SAS to form anodes for
electrolytic prooessing. Figure 6 depicts tiw steps involved with treating deoiled, mixed
contaminated mmchining chips in an induction furnace under a protective ataosphere, follawed by
casting into anodes. It should be noted that any new technology sust be applicable to scrap mixtures

of %1, Co, and Fe-Ni base alloys with relatively high Co, Cr, and Ni contents. Mixture ranges of 10
to 20 pet Co, 15 to 25 pot Cr, and 50 to 65 pot Ni must be used in ordor to be effective.

- N
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Synthesized campositions of thess mixtures have been cast into anodes and are being evaluated. Also,
W, Mo, Cb, Ti, V, and Al must be recoverable in order for new technology to be efficisnt in msterials
conservat ion.

Figure 6 - Basic steps involved in producing a soluble anode fraom SAS for
electrolytic recovery of Co and Mi.

‘ Soluble anodes are being evaluated to determine the feasibility of using a controlled potential
electrolytic ssthod to effect Co-Ni deposition of sufficient purity for direct recycle as a master
alloy. The controlled potential electrolytic method was primerily an analytical tool in the past,
ut is nos considered a viable approsch for camplex sorap recycling technology. It involves control
of the potential between the cathode and the reference slectrode that is iw-ersed in the siectrolyte
within the range of deposition potentials of the metal(s) being deposited, rather than direct control
of the amperage between the ancdes and cathode. The ocontrolled potential results in variable control
of the anode-cathode amperage and voltage to maintain the desired electrolyte-cathode voltage for
continued selective deposition, in this case a Co-Ni product, with other mstal fons remsining in
solution or reporting to the sludge. Other options such as the use of ancde baskets to contain the
scrap, in lieu of remelted anodes, or electravinning fram solu’ion also are under consideration,

STAINLESS STEEL (SS) WASTES .

An availability study (12) was sade of scrap metals contatning Cr in the United States that covered
wraught SS and heat-resaistant alloys. This report concluded that the total SS scrap genersted in
1977 as prampt industrial and obsolete scrap amounted tc 781.0 mtllion kg (861,000 t). A breakdawn
1s shown in Table 3.

Table 3 - U.S. availability of prampt industrial
and obsclete SS scrap

(a 1

, W0 , exported . . . . . . . B
Dangraded . . . « « o ¢ ¢ s 0 000 .ol 1288 | 82 | 1.5
TOrOOOYOred o ¢ « o o o o o ¢ 0 o ¢ o o 26. 4

Based on an average Cr ocontent of 16.7 pet, 56.2 million kg (62,000 t) of potentially recoveredle
Gr was lost in SS sorep alone in 1977. Much of this unrecovered screp originated fram appliances,
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utenails, and outlery. A significant factor in the amount of SS available for reuse in the future

will be the degree to which automobile catalytic converter shells made from type 409 SS are recycled.
At a production rute of 10 million oars per year, the 16-kg (35-1b) converter shell ooculd generate as
much as 158.7 million kg (175,000 t) of SS scrap per year. Cars containing these catalytic converter
shells are only naw being retired in significant quantities from active service {n the United States.

It 1s estimated that over 9 million kg (20 million 1b) of Cr and 3.6 million kg (8 million 1b) of
N{ plus other mstal values such as Mo and Mn are lost anmally to furnsce dusts, mill soale, and
contaminated grinding swarfs in the U.S. stainless and apeciaity steelmaking industries. Recently
the Bureau of Mines devised a promising pelletizing prooedure (13) for treating and recovering 90 pot
or more of the Cr, Ni, Mo, and Fe in these wastes. Manganess also ocan be recovered by this process.

The commercial feasidility of the pslletizing method was shown by & number of industrial-sized
electric arc furnace heats, wherein the pelletized wastes represented as much as 19 pot of the
furnace charge, replacing part of the normal SS screp charge. Pelletized waste products used in the
laboratory and commercial soale heats were electric furnace (EF) baghouss dust, argon-ocxygen
decardurization (AOD) vesssl baghouse dust, centerless grinding svarf, and mill soale. Figure 7
shaws a typical mixture of ths four types of wastes used to producs the pellets and the final furnace
product. laste materials were supplied by a private ocmpany, and analyses of the principal
camponents are given in Table A,

oommon SS wastes, pellets prepared

Figure 7 ~ Simplified schematic showing four
from "x. wastes, and recyolable master alloy ingot made by smmilting
the pellets.

Tadle & - Fartial chemical analyses of typioal SS waste products, peroent

ACD vossel dust . . . | 1.1 81 1 M5! %51 .61 .8
Griming swart . . . . | 11.7 ) 81 1216161 .01 REEEA |
BUleonle » o, 05 | &6 1 %91 ,5135068) .80 .11 <1

Four stealamiing vestes were ccmbinmd 1o spSrGriantaly the sems Proport Lo oriGiAslly pemecetat ot
wagtes vere same

&mpmum-summmmmmm. Mm

oollecting all four wastes, the :

EF dust and mill soule; 15, AOD dust; NS, aarf; 10, ocke bresse; and 8, portland omment.

Pigure 8 shows the flov diagrem for

e




s

(one breeze Loment Etrectrc A0D Grinding M1 scole
[mimus 39 meen) 4 pot fuenece dus? swur! 17 pet
10 pet gus? 12 pct 40 pe! l

17 pet
| Screen - S

3/4 ~ e
38 -mesh

Plus 38 -mesh

Blender

Roll  crusher.

Phs 3 -inch

Scroen -
- 38-mesh
A dry 24 hr,

aven dry 6 MW 2850°F I
Plus 35-meen

—

Finished pellets Mill scaole

Figure 8 - Flaw diagram for laborstory agglameration of four common SS
wastes by pelletizing with ocoke breeze reductant and ocement
binder.

Early laborstory tests in a N5-kg (100-1b) induction furnace indicated that a vu'tcty of
combinations of pellet compoeitions oould be used, and the carbon oontent of the ooke breeze would
reduce iron and nickel oxides and most of the chromium oxide., Ferrosilioon was added to t.hn molten
bath to scevenge the remsining Cr from the slag. The furnace was charged with 90 to 95 pot pellets
and 5 to 10 pct loose mill scale. An all-pellet charge also oan be used to reduce a baok
wastes at a plant. However, it is anticipated that in normal commercial practioe only 10 t.o 20 pet
of the furnace charge would consist of pelletized wastes to replace a portion of the SS scrap charge.

8

Pellets ocontaining as such as 55 pot mill scale fraom five different plants produced equally good
results. Blending and pelletizing all four waste types represents the most complicated set of
oconditions. In those plants that generste only one or two of the four wastes, pellatizing is
simplified.

Subsequently, 907-kg (1-t) heats of the pelletized mixture were conducted in a oommercial plant.
Chromium recovery was laver than exparienced in the laboratory size tests, but still acceptable. The
Ni reported to the ingot as expected. 4 3,629-kg (8,000-1b) master alloy ingot fras all-pellet heats
sade &t a private plant was incorporatsd into a oommercial 17,237-kg (19-t) heat of type 316 SS. The
experimsntal ingot was oampletely oompatible with the SS screp and made up the talance of the charge.

At this point it was decided to assess the simpler, more economiosl method of substituting part of
the sorsp charge in the production arc furnsoe with pelletized waste. Five heats were made in which
pelletized material constituted 14 to 19 pot of the charge. The pelleta were added to the furnace
with the 3S sorap. All five heata mst or exoseded the required specifications after proosesing
through the AOD vesssl and were marketed as oommercial SS bar, rod, or forging ingot. With only a
fer exosptions, Cr, M1, and Mo recoveries exocesded 90 pot.

The work was conclusive in showing that SS wastes such as flue dust, mill scale, and grinding ssarf
osh be pelletized and charged suoossefully, along with sorep, into production heats of 83. This not
oaly offers an opportunity to recover and recyole oritical mstals but also solves waste storage and

g T T

Additional tests ( 1 “her specialty alloy wastes such as those generated in producing alloy 901
pmrwu-um...moumm.mmmmmmm—
fabrication, and Mwmmneucmmmmntdmmmm

vith good results.
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Other work on stainless and specialty stealmsking wastes in the early stages of investigation
includes methods to recover Cr, Ni, and Co values from slags and spent SS piokling solutions. Tests
on specialty steelmsking slags are being oonducted to segregate and upgrade Cr-bearing fractions from
crushed, ground, and sized slag samples. The slags are characterized as to oamposition and the
various phases present. Chromium is present in the slags both as metallic particles and as complex
oxide phuses. Selective leaching and X-ruy diffraction analysis indicate the presence of Cr-bdearing.
spinel-type campounds in a mumber of the slags. By using selective sizing, magnetic ssparetion, and
tabling, the Cr-bearing constitusnts have been liberated and segregated into fract tons.
Recent tests have shown that net recoveries of about 60 pot Cr, 98 pot Ni, and pot Fe oan be
achieved using conventional mineral bensficiation techniques. Efforts are nav directed toward
improving Cr recovery and the grade of separuted (ractions.

Bureau research on recycling and recovery of aspent aixed acids and sludges from acid pickling
operations is being conducted in cooperation with the Amsrican Iron and Steel Institute. Acid
pickling is widely used in the metals industry for cleaning annealed and hot-worked SS. The most
cammonly used piokling bath for stainless and specialty steels is s mixture of HNO3 and HF acids. It
is estimated that at least 114,000 m3 (30 million gal) of spent sixed acids are genersted each year
in the United States. This not only represents a significant loss in valuable metals, nitrate, and
fluorine values, but also presents a disposal problem. Research on acid piokling is foocused on
electrogeneration of the spent acids with secondary efforts on other potential recycling or recovery
technology such as Sslective crystallization, solvent extraction, and roasting.

In related research, the Bureau is studying the fundamsntals of the acid piokling proocess used for
cleaning angealed and hot-worked SS. Greater understanding of the effects of important bath
parameters such as temperature, conoentration of HNO; and HF, chemical complex formation, soale and
alloy composition, agitation, aerstion, immersion time, and dissolved metal ooncentrations oould
result in the selection of a set of operating conditiona that would yield improved surface quality of
the SS, reduce lcss of critical metals, lessen the disposal problem, and extend the bath life.
Initial studies are fooused on two widely used 3S types, 304 and 430, that have been sudjected to
cold or hot rolled-mill anneal treatments. The effects of solution temperature and oomposition on
the rate of metal dissolution are being evaluated. Analyses alsc are being made to characterize the
composition and structure of the surface and the bulk material of samples removed at selected times
during the acid pickling process,

ELECTRONIC SCRAP (ES)

Several years ago, in cooperation with the U.S. Department of Defense, the Bureau initiated a
ressarch program to assess the precious metal content of obsolete ES and to develop a sethod to
mechanically process ES generated by the military. Precious setals can be found in electronic
equipment oamponents such as pin oonnectors, contact points, silver-ocated wire, terminals,
capacitors, plugs, and relays. Some electronic equipment may have relatively high ooncentrations of
precicus setals, and some apparatus may have little or none. The problea is to determine whioh
components oontain high concentrations of precious metals and segregate those pieces sschanically
from the less valuable Al, Cu, and Fe. Initially, 36 military surplus units were hand-dismantled,
and the potential yield of base and precious metals fram each was determined (14). More than half
the units were redic receivers, tranmmitters, tuners, and paver supplies; the remainder vere
miscellanscus navigation and cammunications equipment (Figure 9). All 36 units wers produced prior
to 1957 and did not contain any printed circuits. More recent ssmples of ES equipment did ocontain
printed cirocuita.

After shredding and soreening, ES can be treated as a ocmplex ore fram whioh the various components
are concentrated in discrete fractions. In an effort to estimate the distribution of precious setals
in obsolete eledtronic equipment and determine its fair market value, a minerals prooessing conoept
vas Tirst developed and demonstrated successfully on a laboratory scale. Based on the laboratory
model, a small pilot plant was asssabled for upgrading the sorap into metal conoentrates at feed
rates up to 0.063 kg/s (500 lb/h).

The pilot plant oonsists of a series of unit operations designed to take advantage of the physiocal
properties of ES oomponents to effect separation. As shown in the flausheet (Figure 10), the sequence
of principal operations is shredding, air classifioation, wire pioking, magnetic separation, aizing,
and finally eddy-current and high-tension separation (HTS). A1l of the equipment, with the exoeption
of the eddy-current sagnetic precleansr, is currently in uss in the mining and reqycling induatries,
and the florshest represents an “of f-the~shelf® approsch to the overall pilot plant design.

7" )
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Figure 9 - Typical avionic ES before processing.

Figure 10 - Plovshest for proocsssing £S.
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The pilot plant operations are continuous through the trammel and roll crushing steps. The
eddy-current and high-tension separstors are batoh operations. An overall view of the oontinuous
pilot plant opsration is shown in Figure 11. Equipment, left to right, is the trommel, air
classifiers with the curved discharge duct work, magnetic sepuretor, screen, and roll orushers. The
shredder 13 in the center baokground.

Figure 11 - Continuous portion of the 0.063-kg/s (500-1b/h) ES pilot plant.

Products fram this process are an Fe-base fraction, an Al fraction, a mixed metal fraction, a wire '
fraction, alr classifier lights, and a minus 0.006-e (1/M4-in) normagnetic metal fraction. The latter ,
13 recovered by HTS. The HTS fraction represents only about 5 pct of the total input for ocertain
types of mixed screp, yst contains one-half of the total Au and Ag. Typical Au and Ag contents in

- the HTS fraction range fram 0.6 to 1.2 and 9.4 to 18,7 g/kg (20 to %0 and 300 to 600 oz/t), .

& . respectively, depending on the age and type of eleotronic screp proosssed. A typical precious-

B wetals-besring concentrate after HTS of mschaniocally processed oircuit board sssemblies 1is shawn in L?
Figure 12.

The small particle size of tha HTS fraction makes it ideal for hydramestallurgical treatment to
recover the base metals and further oanoentrate the precious mstals. Precious metal toll refiners
charge by weight of sorep treated, and shipping this material without extrecting the base metals,

- even though it is acosptable as is, is an added expense. Typioal feed material for St h
hydramstal lurgical proosssing (HTS frection) is shown in Figure 12. Aluminue is extracted from the
feed material in the first-stage smbient temperature MaOH leach, follovwed by incinerstion to remove
organic matter. Mickel is extrscted in the seoond-stage oxidative dilute H SOy leach at 363 K (90°
C) and is removed from the spent leachate by cementation with the Fe-base magnetic fraction. The

) third-stage leach was oonducted in oonosntreted HoSOy at 423 K (150° C). The leach residue and
' ‘ leachate contained most of the preciocus metals.

Laboretory tests desonstrated the technioal feasibility of tresting the proosssed ES by a
method to recover precious and bass mstals fros an upgraded frection of obsolete
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Figure 12 - Typloal precious sstal-bearing concentrate (lawer right) after HIS
of sschanioally prooessed cirocuit board assemblies
(non-metallic rejects on left).

SCRAP LEAD ACID BATTERIES

The secondary lesd industry in the United States is the largest producer of Pb, aocounting for
about ¥ pot of damestio production. Owver 90 pet of the metal supplied to the secondary smelters is
in the furm of Pb-acid batteries. In current U.S. ocommsroial prectioce, Pb metal and aludge are
separated from the battery case and the acid and smeited in a reverberatory or blast furnsce.
Emissions of Pb and S0; fumes during smelting are difficult to control and present the industry with
oostly technioal control options if it is to meet U.S. lead emission standards (16).

With this in aind, the Bureau investigated a ommbination electrorefining-slectrawinning method for
recycling Pb from scrap batteriss with the dual objectives of eliminating the Pb and SO; emissions
associated with the present pyramstallurgical smslting proocess and producing Pb pure encugh for use
in mintenance-free batteriss (17).

The discarded metal and battecy sludge used in the investigation was obtained from a large damestic
W—xzumm:nwd-wyxwmummmmmw A fully
u-am-ammtwmms.Oxm- 8] of 18 pot HyS0, electrolyte, 8.5 kg (9.9 1b) of
P> metal in the grids and lugs, and 5.7 kg (12.6 1b) of Pb as sulfate-oxide sludge. After washing to
resove sdhering sludge, soreening, and hand-pioking to remove plastic and rubber, the material
amalyszed, in peroent, 56”.9.11&&0—0:“0 sludge, and 5 plastic and rubber. The
in pervent, 60 PuSOy, 21 PO, and 19 P00 The P metal grids and lugs were melited and cast into
e, I b7 kit b bt T e sy i

N tion L oic a0 ¢
olmmmm(rwnu). mwmuuummﬁz
large-volume produot genere

fertiliser. Impure ancdes were prepared for electrorefining
oasting in a carbon mold. Patented (18) insoluble PvOx~ocated Ti{ ancdes developed by the Buresu were
used for electravinning. Cathode starter sheets were made fros commsroisl thiok
shost. FPigure 1A shows the oonfiguration of the anodes used for electrorefining
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Figure 13 - Depiction of oambination electrorefining (top path) and

electravinning (bottom path) method for recycling Pb from
Pb-acid batteries,

-

S

Figure 18 - Anodes used for electrorefining (left) and electravinning

(right) P> from sorep Pb-acid batteries.
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In past work, Pb electrawinning failed because much of the Pb in solution reported to the anodes as
an insoluble PbO; campound, at the expense of mstallic Pb deposition at the cathode. A major
technical breakthr was made with the discovery that Pb0) formation can be prevented by having as
little as 1.5 kg/m3 (1.5 g/L) P in the electrolyte. The waste H SiFg.H 0 is particularly suited for
electrowinning since it already contains the necessary P.

One- and two-liter plastic vessels were used initially for the electrolytic cells and later were
replaced by the 0.02-w3 (20-L) multielectrode cell shown in Figure 15. The multielectrode cell whirh
consisted of 3 cathodes and 4 anodes in both the electravinning and electrorefining sections produced
about 45.4 Kg (100 Ib) of Pb during a 7 day cycle in each electrolytic section. The bench-scale work
described above shaws a great Jeal of pramise, and Pb of 99.99+ pct can be produced routinely.
Preliminary econamic and technical evaluations indicate potential for this prooess, but additional
larger scale demonstration is needed to ensure its viability.

Figure 15 - Laboratory unit for electrorefining and electrowinning Pb. On
the right, electronic control panel with flow diagram.
On the left, electrolysis section with Q.02 (20-L.)
sultielectrode cell and ancillary equipment.

SCHRAP AUTQMOBILES

The automotive industry 1s one of the largest consumsra of metals and also one of the largest
sources of ne’ and old scrap in the United States. Eight to ten million motor vehicles are retired
anmually from active service. Developments and trends in the sutomotive induatry are indicative of
the nature of the changes that may ooour in scrap oar reqycling teochnology. Autamotive materials
specification and design have been undergoing drematic changes, eapecially sinoe the energy crisis of
1978, The aize of U.S, ocars is being reduced, dissnsions of components are being decreased, and
lighter mterials are being substituted for stesl and cast iron parts. (hanges such as a reduction
in the wuse of plain carbon steels and ocast ircn and an increase in the use of law-alloy high-strength
steels, aluminua alloys, and plastics have slready ocourred, and the recycling technology to deal
with these changes must be developed now.

The Bureau of Mines has had an active researah progras on recycling ferrcus and nonferrous valuea
fron sorep Oars sinos the late 1960's. Some work also has been done on the effect of increased
plastic content on automobile recycling (19-20). The initial work on sorep cars bagan with the
design and development of a smokeless incinerator that served as an interim solution to the problem
of durning nonmstallics fram sorep oare (21), Llater, Buresu researchers determined the ocmposition
of a typiocal sutcmodile including ferrcus and nonferrous metals, glass, rubber, and plastics.

Pifteen U.S.-ande automobiles were statistioally selected and letely hand-dissantled and
separated into ferrous, nonferrcus, and nommetaliic fractions (22). From thess data, the ocmposition
of a typioal sutomodile, ciros 1960, was postulated. Later, several 1972-73 and 1975 model U.S. care
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were dismantled, and average compoaitions for these cars were determined. Bureau researochers also
hand-dismantled four models of 1981-82 Japanese cars. Figure 16 shows the materiala contained in s
hand-dismantled 1982 Nissan Sentra. In addition, two identical Japanese cars fras each manufacturer
were shredded in a commercial automobile shredder, and all of the products were collected for
analyses to campare metal recoveries with materials distribution. Table 5 summarizes the composition
based on hand dismantling of the various domestic and foreign cars described above.

Figure 16 - Hand-dismmntled 1982 Nissan Sentra automobile.

1.  Light tron 14, Plastic
2. Cast steel 15. Combustibles
3. Stainless steel 16. Rubber
4, Heavy iron 17. Battery
5. Zinc 18. Lead
6. Spring steel 19. Carbon
. 7. Cnrome-plated stee} 20. Ceramic {magnetic)
8.  Hardened steel 21. Cersaic ‘
9. Coated copper wire 22. Asbestos
10, Cast iron 23. Cirouit board and electrioal
11, Copper and brase camponents
12, Aluminum 24. Glass
13, vinyl 25. Polyurethane foam

Table 5 - Distribution of msterials in sutomobiles as
determined by hand dismantling

T Compos1te U, 3. auto, T Kverage o 1372, 13, and 1375 | RAverage of ¥ 19871 and 1387
i ciros 1 | mdel U.S. sutos | Japaness autos
i %%ﬂ of “Yotal | Yotal of  Yotal | otal o Total ,
! astegory, auto, | oatagory, autlo, | oatsgofy, auto,
__haterial Tn it g ot et 1 ) g ot pot |T it [Ty Bt pet
- !
Light steel . . . .1Y,309.5% 598, 0 43,0 3.6 l| LS 673.4 47.8 8.2 | 9827 a2T. 6 6A. 0 8.2
a4 N Heavy steel . . , i) 2 L] 55'. LV W2 [1,186.7 520, 1 3.9 2.5 | a&07.8 185.0 7.7 2.9
a8t iron . ... . | .4 16,8 18, 15.8 15, 12,3 §_ 122.8 N 8. 6.
s L1 . RS
1 i i
('cppt’r ...... i 3.9 .5 2.} 91 432 19.6 2.1 LW 2.9 1.3 18.8 .3
oy’ ., ., v el 0.4 9.2 13.0 61 2.0 0.9 12.9 6 ) 17.5 1.9 13.2 -9
i . ..., i 94, 2 FLN ) n.5 L5 1 0.8 8. 217 Wt B 2.8 4.0 +3
AMlumims . ..., | . 3 1.8 1§ . . ry ] s Al e [
Total . . ., ., . | jﬁ
[} ) {
Rabtwr v e b 1RO [} %33 1) 118.7 81.0 ».8 8,6 | 6.6 52.8 2.3 6.2
Plastic . o ol ? 63. ;‘ .> | 1365 61.9 3. 3.5 | 111.4 50.% 0.5
Cambustibles i__ 127, . 11 1o 3 ) o8 s 17. 4
Tmal . . [ 1
I { ]
Glass . . . : 87.2 9.6 8.5 2.8 | 100.% .4 78.1 2.6 | 67.% 0.6 93. 3.5
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{
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The diamantled 1982 Sentra contained about 12 pct high-strength, low-alloy steel that was not found
in the other Japanese cars. Recovery rates for ferrous and nonferrous values of the Japanese cars
after shredding were 88 and 60 pct, respectively. Comparable recovery rates for U.S. cars after
shredding were 90 and 80 pct for the ferrous and nonferrous values, respectively. The lower recovery
rate for the nonferrcua values fras the Japsnese cars appears to have resulted from generation of
large amounts of aluminum fines that are lost to the nommetallic fraction during shredding and
processing. There were no materials used (n the foreign cars that would present secondary setai

recyclera with handling or processing problems; however, the amount of rejects generated per ton of
ferrous product recovered mmy be of future concern.

Cpess At

N

During the past 10 yr, over 80 pct of the cars scrapped in the United States have been processed in

over 200 shredder operations in commercial screp yards. With the advent of these shredders, the 5
Bureau focused its attention on recovering nonferrcus values contained in the nonmagnetic materials -
disposed of by these proocessors. Air classification methods used initially yielded concentrates of *
up to 90 pct wetal. Haowever, to obttain these higher purity conocentrates, about 40 pct of the setals :
are lost in processing. Bureau researchers then adapted a water elutriation treatment technique to

recover the metal values fram the nonmagnetic shredded materials. A 0.45-m (18-in) diameter, i
2.52-kg/3 (10~t/h) column water elutriator (Figures 17 and 18) was designed, tested, and evaluated at :
a commercial shredding operation for recovery of mixed nonferrous metals fram the nonmagnetic !
material and has proven to be efficient and economical.

Nonmognetic
feed

)
Buclm elevotor

»,

Floot ! Yy
— e o Metois
Combustibles ver| Aluminum .
,t] Copper %
2s] Leod
Middh «+| Moagnesium .
Heavy plasfics ., Stoinless steel
Light metals (T —=="7 s
g Qlamst,
. Glass
oct '&F‘L’L_J
Woter- 3
clanfying
tonk ¥
|
Pump
Figure 17 - Schematic of Bureau of Mines 2.52-kg/s (10-t/h) water slutriator ' !
synrtam for separating nonferrcus setals fras scrap car shredding
: operations. b 3
X ;
g" Operation of the water elutriator is simple and efficient. Normagnetic material from the ‘
4 autamobile shredder is fed onto the surface of a column of rising water. Dense materials fall

through the rising water and are ovllected as a sink product at the bottom of the oolumm;
asdium-density msterials are removed as an interwsdiate product in a water flaw through a discharge

port loocated between the overflas and sink; and light materials are carried out in the overflowing
water at the top of the column as a float product.

Nearly 99 pct of the mixed metals were recovered in the water elutristor systes from the shredded
normagne.ic material as a 70-pct-metal oconcentrate. Optimum opsreting oconditions have yielded a
93-pet-pure metal product resulting in a 93-pot mstal recovery. The elutriator float product
consists of oambustibles, light plastiocs, foam rubber, and minimal amounts of ocoated and unooated Cu
wire. The middling discharge is made up of medium-density rubber, plastics, glass, rock, ocated and
unooated Cu wire, thin sheet SS, and wrought Al.

Records kept at a ocommercial shredder operstion shaw a 34-pot increase in nonmagnetic metals
recovery during ! yr of cpsration of the Bureau water elutriator, oompared with recoveries from a
previously used air classification system. Detailed infc mation on sise, analysis, and distribution
of the products can be found 1n reference 23.
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Figure 18 «~ uWater elutristor in operation at commercial scrap yard.

After proving the commsrcial viability of the water elutriator in recovering nonferrous metals from
scrap automoblile shredding operations, Buresu nad are investigating the use of
heavy-media techniques to separate the nonferrous metals from each other. Lav~cost barite was
sel' ted as the msdium, which is prepared by mixing it with water to the desired depsity. The berite
| S ina in suspension in densities (specific gravities) a 1,700 kg/m3 (1.7 g/om3), and the medius
is eusily pumped at densities to above 2,600 kg/m’} (2.6 g/om3). The metal separations are determined
by the termina velocity f the particles and the density of the sedius. Total seperstion and
recovery of Mg fram & miasd sstal conocentrate is acoomplished using a medium density of 1,900 kg/m3
(1.9 g/cm3); a pct separation with 94«pct recovery of Al is achieved at a sedium density of 2,350
xg/m3 (2.35 g/om3). Seventy-five peroent Cu and Zn base metal ooncentrates have been obtalned of the
respect ive metals; however, bDecsuse of overlapping alloy densities, distinct separetions have not yet
been achieved.

The tarite-medium metal separation is oonducted in a trough with the medium flawing through and
overflawing at the end of the trough as shown in Figure 19. Barite sedium is pumped through the
trough at & flav rete that wvaries with the density and the separation desired. Metal being separated
is carried from the trough in the overflaw, while the other setal or setals sink through the sedium.
The 1.83-a (6-ft) trough shawn in Figure 20 separetes 1.26 kg/s (5 t/h) shredded automotive
nonferrcus mised metal concentrate oontaining Mg, Al, Cu, and Zn. The Mg is recovered in the
first-stage trough and Al in the second. The Cu and Zn are presently hand-sorted.

Barite 13 recovered for myou%:y shaking the aink and (lost products on a vibreting screen and
then rinsing with a water spray. barite recovered by shaking is immediately clable.
waterwashed barite will not remain in suspension at a density less than 1,700 kg/md (1.7 g/om’) and
1s recovered for sakeup fram the bottom of the washing settler oircuit. Periodic soreening of the
overflosing barite through a 100-@ssh screen removes the fines that oould inhidit separation. Barite
seams to heve an unlimited recycling life, and 99-pot recovery appears practical.
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Figure 19 - Diagram of barite trough for separating nonferrous metals from
3crap cars.

‘r

Figure 20 - Laboratory model 1.26-kg/s (5-t/h) barite separation trough
for separating nonferrcus metals from sorap oars.
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Another problem that has an impact on recycling nonferrcus shredded material from scrap automobiles
is the Al alloy mix recovered fram the acrap. Present-day U.S. cars contain about 45 kg (100 1d' of
Al, and projections show that this may increase to about 90 kg (200 1b) by 1990. This oould
represent an Al scrap resource of over 907 million kg (2 billion 1b) annually. A significant portion
of this increase in Al will de in wrought gredes. The typical mix in future cars will be 50:50
wrought and cast alloys. The secondary foundry industry in the United States is unable to absord all
of this scrap for oasting alloys, and high levels of Si{, Fe, Cu, and Zn in the cast alloys make the
unseparated scrap unsuitable for wrought alloy production without the addition of large amounts of
primary Al for dilution purposes.

Bureau researchers investigating the problem of separating cast and wrought Al alloys disoovered
that wrought alloys remained ductile above 873 K (600° C), whereas the high-Si oasting alloys
exhibited considerable loss of ductility above 773 K (500° C). This property behavior of the two
alloys was exploited by the Bureau in a patented hot-crush method for separating wrought from cast
alloys (24).

Laboratory experiments consisted of heating mixed scrap to 833 K (560* C) in a sasll rotary
elec'. '~ furnace and then fragmsnting the hot mixture in a crusher or small hammer aill (Figure 21).
After screening, the fragmented cast alloys were reocovered as an undersize faction, while the
oversize wrought alloys were collected fram the top of the screen. Figure 22 shaws a typical
separation achieved by thia method. Magnetic separation is norwally required after the crushing step
to remove any loose ferrous items. Feasibility tests showed that the method can be adapted to a
single-step operwtion in a heated rotary furnace that would heat and fragment in a single operation
through repeated lifting and dropping in the furnace.

Figure 21 - Furnace, hammer uill, and drus magnet used to separste wrought

and oest Al scrap alloys.
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Figure 22 - Separsted wrought and cast Al products obttained by the
hot=crushing process.

SCRAP METAL IDENTIFICATION

The National Aasociation of Recycling Industries and the Institute of Sorap Iron and Stesl, as well
as many individual scrap processors, have indicated that sany alloy groupe require new
identification and sorting techniques. In fact they have identified this as one of the most serious
problems in scrap proosssing. More than 205.9 million kg/yr (227,000 t/yr) of SS scrap is

recovered aving to lack of rapid and acourate identificatfon msthods. An additional 126.8 million kg
{182,000 t) is daungraded o lesser value materials. Wrought SS heat-resistart alloy scraps
alone acoount for a loss of 56.2 million kg (62,000 t) of Cr annually in the United States (12).
Effective recycling is of vital conoern in the United States beocsuse of both the atrategic and
oritical element content of many alloy groups as well as the potential energy savings assoclated with
recycling thee.

For scrap metals to be returned to operetions where they can be recycled effectively, they must be
sorted and segregated into lots that contain similar saterials. Identification of these metals or
alloys ia the first and most oritioal phase in this operstion. In routine operation of a ocomssroial
scrap yard, identification and segregation of sorep metals are carried cut by experienced sorters.
The degree of separation the screp metals receive at the acrap yard depends on the ability of theee
sorters to identifly alloys and on the valus of the materials. Identifiocation of sorap say be
accomplished by objeot recognition and by considering color, apparent density, magnetic properties,
nature of sparks resulting when a metal or alloy is touched to a grinding wheel, and chemioal apot
testa. When highly acaurste analyses are needed, more tise-consuming methods, such as chemical and
spactrographic analysis, are used. Nev alloys nov entering the sorsp market are making recognition
increasingly diffioult, evea for experienced sorters. The problem is oompounded by the decreasing
mmber of svailable, skilled sorep sorters. This akill in recognition can be achieved only through
yoars of day-to-day, hands-on experience in the sorep yard or plant.

To alleviate this probles, the Buresu has deen conducting the follawing studies:

1. Deteruine aress requiring nes or improved sorting technolagy,

2. Bvaluate and develop new and improved identification and sorting
asthods,

3. Test problem alloy groups, such as Ni- and Co-base alloys, to
deteruine the most promising repid identification methods,

LB trende in nev alloy development in order to better predict

heir impact on sorep 1ing.
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Early work involved identification and analyses of oopper-bass alloys by fluorescent X-ray
spectrography (25). Recently a oomprehensive survey of the msthods used for identifying sorep metals
has been made (26). Current methods that have been reviered and evaluated include object
recognition; density deteruination; magnet, spark, and chemioal spot testing; thermoelectric sand eddy
current msasuremsnts; and various analytiocal techniques.

Figure 23 shavs an apparutus deing used dy Bureau scientist to obtain reproducible spark patterns
to msasure the spatial rediance of sparks. It oconsiats of a grinder and a sensor that is connected
by fiber optic ceble to a spectrophotometer that messures the intensity of the light rays
characteristic of the alloy used to generate the spark.

Figure 23 - Laboretory apparstus oansisting of a grinder, optical sensor, and
spectrophotometer used to odtain reproducible spark patterus.

Spectra of spark patterns have been recorded for several alloys including mild steels; high-strength,
law-alloy steels; 200, 300, and %00 series SS; Incomels; Incoloys; Haynes 20 MOD; and Hastelloy B-2.
Between 500 and 700 nm, the speotre show differences exospt in the case of 300 series S8 and their

- ios carbon analags; e.g., 304 and J0ML SS and 316 and 316L SS.

In general, as the Ni content of an alloy inoreases, the intensity maxisum is shifted to a higher
vavelength. It is expected that the obmerved differences will mmice it possible to separate alloys
not amenabls to separetion using conventional spark testing.

In addition, a flavsheet for separeting Ni-base alloys and SS has been designed (Figure 28). Tis

flousheet, which uses therwoelectrio response and optiocal emission spectroscopy teahniques, s
. less than half the cpsretions present in a cunventional separetion scheme besed on chemical spot

tests. This msthodology begine with thermoslectric ssasuressnts to maice the first separation into
‘ alloy groups, follaved by use of a portable emission

more specific groups or individual alloys. The cost for both of theee instrumants is quite lov,
i making thes svailable to the

| operating sorep yard.
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Figure 24 - Proposed instrumsntal technique for sorting high-value scrap.

It should be noted that the research described in this paper represents only a cross section of the
type of work the Buresu of Mines is conducting on the recovery and recycling not only of strategic
and oritioal materials, but also sconcmically important ccamodities such as lead, aluminum, 2inc,
copper, and precicus metals. The current Buresu of Mines research program in recycling consists of
8) inhouse projects dealing with a broad spectrum of problems on mstal- and mineral-based waste
products, as well as work on mineral tailings, slimes and proosas waterwater.
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RESUME

Le recyclage des superalliages procldde d'une nécessité Gconomique et stratégique. Deux voles privilégibes de
recyclage sont examinfes tant au point de vue therwodynsmique que technologique :

-~ Pusion oxydante intermédiaire pour Elimioer le Titane et 1'Aluminium sfin de déduter 1'§laboration sous vide
avec un bain oxydé ;
- Pysion inette sous vide de ridlons reconditionnés.

Le texte passe successivement en revue 1'action du vide sur la vésction Carbone/Oxygine, la déeulfuration et la
dénitruration éventuelle sinsi que la distillation dees sétaux lourds.

L'effet ultérieur de 1a refusion sous vide (VAR) et sous laitier (ESR) sur ls qualité du produit final est pris
en compte.

VACUUN RECYCLING EFFECT ON MINOR ELEMENTS IN SUPERALLOTS

Superalloy recycling is an economical and strategical necessity. Two different ways of scrap recovery are exa-
aioed from & thermodynamical and technological point of view :

~ Air melting with oxygea blowing to remove Titsnium and Aluminius before Vacuum treatment ;
- Non reactive melting of conditionned scraps in VIN.

This paper exsmines in detsil the vecuum effect on Cardon/Oxygem veaction, desulfurisstion amd Nitroges removsl
as wall as heavy metal distillation.
Purther reactions during remelting in VAR or EBR are takinmg sccoumt to assure the quality of the fimsl product.

INTRODUCT 10N

La bonne Sconomie de la production des suparalliages pesse par le recyclage des chutes gime-Sas tout su loag du
processus de fabrication. Cet aspect du sftier est importast du fait du colt et de la rar>eéd crolssante des me~
tidves promidres, meis suesi parce que les guantités de chutes produites somt particulidremuat élevées.

Selon une enquite (ref. 1) réalisde aun ETATS-UNIS en 1976 nais dout les Sléments techaiques restemt d'actua-
1ité, sur 140 000 tonnes de superalliages lesues des fours d'Slaborstion, seulement 40 000 toumes oet §té mises
en oeuvre dans des ensembles (cf. figure 1). En d'sutres termes, sur 100 tommss coulbes, 20 tommes seulement
soot effectivement utilisées ¢t olles-nlnes sont recyclées on gramde partie apris un temps de service comprie
entre 5 et 10 ans.

Selon les mlmes suteurs, on estime que les lite de fusion sont comstitués en moyeame par 4) T do matidres neu-
ves ot 59 T de matidres recycifes. Co dernier chiffre représente une woyemms fluctusat em fonction des comdi-
tions Gcomomiques et des disponibilités avec des variations de cycle. Om observe sussi ume greade disparité eui-
vant les nusnces, leur utilisation et les modes de mise en oouvre ; le teux do matidres recyclbes pouvent Stre
teds faidle pour les slliages pour axbes de turbine type IN 100 et pouvent stcteindre 00 % pour das pidces for-
gbes aprds double fusion sous vide (VIN ¢ VAR),

1- CHOIX DES CONDITIONS D’ELABORATION EM FONCTION DU TYPE DE MATERIAUX A RECYCLER

Las matérioux 3 recycler doivent Stre considérés s priori comme des matidres premidres comme les sutres. lls
se distinguent cependant des matidres meuves car {1s cont 3 1a fois plus pure eu volume ot plus polluds en sur-
tace @

= Ils ont 46§ eubi une double élaboration sous vide (VIN ¢ VAR) qui en fait des matidres premidves do trds
boune qualité ;

= 1Ils se présentent seus des formes variles avec um degré do contamimetion en surface qui o’'aggreve 1
1'on pesse des chutes messives sux chutes 16gives ot enfin sux teurmures st sutres preduits divisde.

L'utilisstion qui en oot falite et en particullier le wede do nise en souvre dipend do lo préoemcation de cos
satérisux (charge nsssive ow divisle), du degré de pollution ot de 1a nature do celle—ci, dos pousibilitée
technologiques de purification 3 1'Scet selide ot sussl do 18 destinstion de 1'alliege.

By poiat de vus prisentation physique, i1 est commnde do distinguer !

= Les chutes msssives, bion ldentifiobles, plus ou meins oxydfes an surfoce qui pouvent dtre netteyles par
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meulage ou grenaillage avant le recyclage. Elles représentant (ref. !, tableau 1) 68 X du total des chutes
réutilisables ;

- Les chutes légires ot tournures (25 T du total dee chutes) qui sont dans un &tet plue divisé et dont le net-
toyage veldve de techniques adaptées : broyage puis traitements par vole humide, décapsge et dégraissage,
visant 3 éliminer en particulier les huiles de coupe ot d'une fagon génfrale les apports de Carbonas. Elles
constituent un wétier en eol qui n'est pas 1'objet de cet exposé. Seuls une sélection et un conditionnement
rigoureux permettent le recyclage dans les super-réfractaires ;

- Le solde (7 ) est déclassé et utilieé dens des nusnces plus courantes telles que les sciers inoxydables.

L'efficacité des traitements dépend évidemment de 1'tat physique et le mode de mise en osuvre est adapté en
fonction de la nature des chutes reconditionndes :

- Recyclage direct au four ) induction sous vide (VIM) des chutes massives qui ont un pldigree et qui ont subf
un nettoysge approprié ;

- Affinage préliminaire au four ) arc avec traitement complémentsire (AOD ou VOD) pour purifier les chutes les
plus pollubes. On obtient ainsi une matrice, contenant les éléments les plus intéressants du point de vue
$conomique Nickel, Cobalt Chrome, Molybdidnme et, sauf cas particulier, sans Titane, nl Aluminius.

Cette matrice entre comme élément de charge au four 3 induction sous vide.

RECYCLAGE DIRECT AU FOUR A INDUCTION SOUS VIDE

Le recyclage direct des chutes su four 2 induction sous vide est la sclution la plus évidente du point de vue
économique puisqu’il permet d'utiliser la totalité des matidres premilres par la vois la plus courte et par-
tant avec les meilleurs rendements mstidre et la plus faible consowmation d'énergie.

Toutefois, les matérisux 3 recycler contiennent des &léments réactifs tele que le Titane et 1'Aluminium qui
les rendent agressifs vis-2-vis des réfractaires et de )'environnement. De ce fait, les risques de dégradstion
du bsin par des réactions parasites sont importants et la stratégie d'Slaboration vise ) conserver la qualité
des matidres enfournfes en sinimisant ces réactions. L'ensmen ultérieur des cinftiques de désoxydation et de
dénitruration justifiers 1'orientation vers une fusion ausei inerte que possible. On sait, en effet, que le
four ) induction sous vide est un réacteur chimique peu performant, sux possibilités de purificetion limitées
particulidvement sur baine susei complexes que ceux des superslliages.

Sous ces réserves et avec les précautions supplémentaires qu'il requiert, le recyclage direct ne doit pes dtre
considéré coume une voie de rattrapage. Il suffit pour s'en persuader de rappeler que c'est la technique uti-
lisée dana les Ponderies de précision, en particulier celles de moulage en cire perdue des aubes de turbines.
Le haut nivesu de qualité requis est sstisfait moyemnent des précautions qui, si on les transpose dans la
technologie d'élaboration d'ailiages, constituent des contraintes. Llles sont reprises ici car elles illustrent
bien ot de fagon simple [a démerche conduisant sux techniques de recyclage des chutes massives :

- La charge est constitude par une seule pidce cylindrique, nettoyle par msulage ou tournage pour Eliminer la
surface pollule ;

- Un creuset neuf Stuvé ) haute température est utilisd 2 chaque fusion pour Sviter toute contasination par les
restes de la coulde précédente.;

- La fusion est rapide et la coulfe se fait dids mise ) température du bain ;

- Ls -un‘l fondre est faidble (au plus quelques dizaines de kilos) et 1a surface de comtact avec 1'atmosphire
ast réduite.

Les conditions de recyclage dans un four VIM de plusieurs tonnes avec des chutes de différentes tailles et un
creuset, ol subsistent toujours des restes de la coulfe précédente, sont différentes mais ce sont les mdmss
principes qui guident 1s définition du processus.

PREAFFINAGE AU POUR A ARC

81 du fait des pollutions ou de 1'asspect physique des chutes, les techniques de nettoysge $voqules plus haut
sont insuffisantes, i1 est préféradble d'svoir recours ) uyne opération de purification préaladle su four ) arc
suivie Sventuellemwnt par un traft t en poche ou &u co! ti . Ansi, su prix d'un colt &nergitique non
nigligeable et de la perte des Sléments oxydadles comme le Titene et 1'Aluminium, on récupire st purifie une
part importante de chutes non directement utilisables en jouant 2 la fois sur les poseibilités d'affinage pueu-
setique et sur les fchanges mital-laftier.

- Ls fusion su four ) src perwet :

. da vecomstituer ) partir de uusnces compatibles des compositions howogines de metrice ;
. 4d'6liminer por onydation et Schangs wétsl-laitier les &léments : Chlore, Sodium, Plowb et Soufre, prove-
nant des produits de combustion (ref. 2) ou des revitements des aubes de turbine.

= Le traitement hors du four (AOD, VOD), sous pression partislle d'Oxygins sssure la décarburation en sauvegar-
daat lo Chrome. On traite ains{ des chutes carburbes par des hulles de coupe ou des produits de cowbustion.

. 1'infection d'Argon ot le bresssge dQ asux dulles de CO favorisent le dégasage de 1'Hydrogine, de 1'Asote
at dos Sléments volatils

. la d6sulfuration per le laitier se pratique dans les conditioms hadituellee aprids réduction du bain mftal-
lique.

Les cinfitiques do rlaction somt repides et condulsent 3 dee Stam proches de 1'Gquilibre ; ce qui n'est pas
toujours sovhaitable. Bn perticulier, i1 est difficile de pre t le mftal liquide X forte temeur ea Chrome
contre la rloxydation et 1s resitruration, lorsque le dain liquide est exposé 2 1'stmorphive, splcislement
pendant la coulbe.

Le prétraitomsnt au four ) arc offre susel la possibilité de choisir 1 nivesu 4'Oxygine en fin d'Slabors-
tion 1 le bain oot soit seni-calal, soit bien désoxyds svec une tenour Slevie on Aluwminium.

Alnel, 18 réutilisation des notidres 3 recyclor au four ) induction sous vide se fait avec deux types de char-
9o trde différente, 1'wn svec wne charge semi-calmfe qui se rapproche des matidres neuves, 1'sutre comtemant
du Titans ot de 1'Aluminium evec wne compesition proche de 1s cosposition fimale. La comduite de 1'Slaberation
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ot lo contrBle des 6léments résiduels qui en dcoulent eont donc différents dans les deux processus qui,
chacun, visent ) minimiser lee teneurs finales en Oxygdne, Azote, Soufre et oligofléments. Le choix parmi
les optione possibles rfsulte d'un examen des comportements, qui est falt dans ls suite &lément par &lément,
wais qui dans 1a pratique est orlenté par un souci de compromis indispensable.

2- EVOLUTION DE L’OXYGENE

Lors d4'une &laboration au four A induction sous vide, 1'sffinage Carbone, Oxygdne constitue une part essentiel-
le de 1'opération. Sous vide, le Carbone est un pulssant désoxydsat qui présente 1'avantage de donner un pro-
dult de réaction gazeux qui s'élimine facilement et qui entratne avec lui d'autres impuretéa telles que 1'Hydro-
8¥ne ot 1'Azote. On utilise cette possibilité avec des charges en watidre neuve contenant da 1'Oxygine st des
refusions semi-calefes car un bas vide est favorable au dégagement d'oxyde de Carbone. Le Titane et 1'Alumi-
nium sont ajoutés apris 1'affinage dans un bain qui contfent peu d'Oxygine, ce qui minimise la quantité d'fin-
clusions oxydbes qui doivent décanter (figure 2, ref. 3).

Les charges préélaborées qui contiennent du Titane et de 1'Aluminium sont besucoup plus résctives vie-d-vis

de 1'Oxygdne et de 1'Azote, at déjd, au cours du chauffage, la surface portée au rouge agit comme un pidge

pour fixer les traces de gax qui subsistent mme ) faible pression du fait de ia désorption des poussildres

ou des fuites résiduelles. A 1°6tat liquide, non seulement 1'Aluminium et le Titane ne permsttent pas 1s déso-
xydstios psr le Carbone sous vide, msis lorsque leur concentration est §levée (supérieure 3 | X) ils ne jouent
plus leur rdle habituel de désoxydant.

Par exemple, dans le cas 4'un alliage Fe-Al (cf. figure 1), on montre que la concentration de 1'Oxygine solu-
ble passe par un minimum de 4 ppe pour une teneur en Aluminium de 0.075. Au-deld de cette comcentration, la
solubilité de 1'Oxygine augmente trds vite et il en est de nime svec le Titane. L'accroissement de la solubi-~
1ité de 1'Oxygine dans le whtal liquide favorise les réactions avec le réfractaire et 1'atsosphire résiduelle.
L'Oxygine on solution ne pouvent pas Stre #liminé sous forme de CD, précipite sous forme d'oxyde sux basses
températures, c'est-d-dire pendant la solidification (ref. 4 et 5).

En présence de Titsne et d'Alusinium, 1'spproche est donc inverse de celle sdoptée pour les matidres neuves ;
on cherche A $viter les réactions vers 1'Squilibre ou 3 en contrBler 1s cinétique. En pratique cels signifie :
c?uueur la propreté et 1'étanchéité du four mais sussi 1a qualité des réfractaires et limiter la durée de
1'§1aboration.

- Les réfractaires, pisé, brique et ciment, ne doivent pas contenir des oxydes susceptibles d'8tre réduits
par Aluminiue et Titane, en particulier 1'oxvde de Fer et la silice. Cependant, wime les pisés les plus
inertes du type spinelle slumine—magnésie réagissent partiellement avec le Titar. st la remontée d'Oxygine
qui en résulte ne peut Stre limitée qu'en réduisant la durée 4'élaborationm.

Si dans le cas des matidres neuves un trds bas vide est nécessaire pour favoriser la désoxydation par le
Carbone, pour dégazer 1'Hydrogdne et 1'Azote et pour §lisiner les métaux lourds volatils comme le Plomb et
le Bismuth, il n'en est pas de mlme avec une charge recyclée. La présence de Titane et de 1'Alwminium em-
piche la formation d'oxyde de Carbone et, quant aux gax st sftaux lourds, lls ont d6j2 £t§ §limings lors
de 1'6laboration primaire VIN ¢ VAR. Il est préférable de rechercher un vide woyen d'environ 50.102 Torr
qul est obtenu rapidement per les pompes mécaniques et les Roots afin de réaliser une fusion inerte rapide.

DESOXYDATION DE L'ALLIAGE IN 718

La figure & compare 1'évolution de 1'activité et de la tenmeur totale en Oxygine au cours de 1'$laboration de
1'alliage IN 718 2 partir de matidres neuves sous vide profond de 1072 Torr et de matidres recyclbes sous
vide moyen de 50, 10~2 Torr.

Pour les charges en matidre recyclée, on notera en fin de fusion que 1'activité de 1'Oxygine mesurée ) 1'aide
d'une jeuge flectrolytique et la teneur totsle mesurbe par chimie sont toutes les deux bdien groupbes (de 1'or-
dre de S ppm pour I‘activit€ et de 40 ppm pour ls concentration). Du feit du raccourcissement du temps d’éla-
boration, ls reprise d'Oxygine reste faidle, jusqu'd 1a mise des additions correctrices. Ls nivesu final n'est
sbaiesé que lors des ajouts d'slcslinoterreux, Calcium et Magnésium. Dens le cas de charge du type mstidres
neuvas, 1'Oxygdae en fin de fusion est plus dispersé du falt d'étste initiauz nom "normelisés™, mel définis
sy sens physico~chimique et des difficultés A costr8ler la réaction C-O pendent la fusion. Pendant 1'affinage
sous vide profond du bain qui e'est progressivement homogénéisd pour se rapprocher de 1'équilibre, le Carbone
réduic 1'Oxygine, et les résultats des mesurss soot bien groupés.

L'eddition d’Aluminium ne fait abaisser ni 1'activité, ni ls temeur en Oxygine et ce sout encors le Calcium
ot Jo Megnbsium qui permettent d'atteindre des concentrations de 10 2 20 ppa d'Oxygine résiduel.

En véeuné ot A ne considérer que les Slémente Carbope et Oxygdne, pour les produite qui sost destins 3 1'éla-
borastion de lingots Slectrodes, il n'y & possibilités réelles d'élimination de ces Slments qu'en 1'absence

de Titsne ot d'Aluninium. Dens ce cas, un sffinage sous vide profond de mstrices reconditionnfes par fusion
préaladble permet comme pour les matidres neuves use purification trds compldte.

Dems le cas contraire, i1 est préférsdle de rechercher une opération velativement rapide qui sinimise les réac-
tions parasites em particulier avec le creouset ot qui de ce fait attend du vide essentiellement un effet de
protection des &1éments réactifs ot pour lequelle on se contente du alveau de pompage moyen. Cette pratique
eot d'autant plus efficace que leo four & ua taux de fuite faible.

La poesibilité de véaction Stamt trde limitée, cette technique est riservée aux matidres recyclées bdiea iden-
tifides et ol les sources de Carbome ot d'Oxygine nom contr8lées ont §té 61{minfes.

3- EVOLUTION DE L'AZOTE

Les beins mitelliques comstitule D partir de metidres recyciles sont en géndral hors d'6quilibre em ce qui
concerns la teseur en Asote et la pratique industrielle vise d'abord ) seintenir un mivesu sussi das que poe-
sidle car les phases de dfnitrurstion su four ¥ {nduction sout lemtes ot de conduite dilicate.

fa effet, le Chrems ot 1'Alinvinium confirent s bein ume grande affinicé peur 1'Asete (cf. figure 3) qui rend
difficile 1a dénitruration per le vide slore que ls précipitation et 1'Slimination des nitrures eolides TiN me
condulsent pae ) dos sivesus sussi bes que souhaités (ref. 6).
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PRFCIPITATION DES NITRURRS

les nitrures de Titane qui précipitent au sein du bain liquide peuvent 8tre 6liminés par décentation et pid-
gesge sur les parcis du creuset.
A titre d'enemple pour une satrice type :

N Cr Co Mo TiI Al

56 18 18 4 3 3}

Le produit de solubilité s’exprime sous la forme :

log ayj.ay = - ET]—S—O + 2.5
Avec des coefficients d'activité : fri = 3.8 ot fy = 2.8 10=3, ls teneur en Asote, 3 1420 °C, en Squilibre
avec 3 T de Titane est de 60 ppm, ce qui signifie qua 1'on ne peut pas espirer obtenir des valeurs inférieures
par précipitation et décantation des nitrures. On constate (cf. figure 6 et tablesu 2) que si la teneyr en
Agote des chutes est faible (< 60 ppm) et que si 1a fusiom est conduite dans de bonnes conditions d'écanchéité,
il n'y a d'#volution du mivesu d'Azote au cours de 1'#laboration ni par action du vide, ni par précipitation,

EFFET DU VIDE

Avec une charge sans Titane, la dénitruration peut s'accomplir par 1'effet du vide. La cinétique de réaction
est du premier ordre et 1'#tape limitente est constitube par le transfert en phase liquide. Les vitesses de
dénitrurstion ont &té mesurbes dans trois fours 3 induction sous vide de tailles différentes : 6 tonnes, 1.5
tonne et 50 kg (cf. figure 7 et tablesu J).

Dens un four de laboratoire de 50 kg, on peut Elisiner sous vide emrirom 200 ppm d'Aszote par heure (cf. ta-
bleau 3) mais au fur et 3 mesure que le rapport Surface d'échsnge / Volume deg différents fours diminue, la
vitesse de gqnumuu«l diminue elle aussi. Elle n'est plus que de 20 ppu.h™' dens un four de !.5 tomne et
de 10 ppm.h ' dans un four de 6 tonnes.

In pratique, on vérifie, tablesu 2, que le trasitement sous vide entre 1a fin de fusion et 1s fin d'affinage
per@et seulement de passer de 120 2 110 ppm en moyenne, et que c'est 1'sddition de Titame et la précipitation
de TiN qui abaisse l1a concentration en Asote ) woins de 60 ppm, valeur prédite par le calcul du produit de
solubilité. D'od 1'intérdt d'€liminer sutant que fsire se peut 1'Azote avent élaboration su four sous vide.

TRAITEMENT AU POUR A ARC

Au four ¥ arc, 1'Svolution de la teneur en Azote de ces charges chromfes résulte de réactions sysnt des effets
inverses. Pendant la fusion 2 1'air, 1a charge se nitrure (cf. figure 8), puis le soufflage d'Oxygine et la
forsation 4'oxyde de Carbone favorisent la dénitruration, le bain gardant par silleurs son avidité pourcet €14-
ment. Dans ces conditions, de légers &carts de pratique conduisent indvitablement 2 des temeurs dispersées.
Dans 1'exemple de la figure 8, pour des alliasges type U 500, 1s teneur em Aszote de fin d'afffnage est comprise
entre 10 ot 40 ppm, maie d¥s que le laitier qui jous un réle protecteur est §liminé, le bain qui contienmt

18 : de Chrome entre en contact avec 1'atmosphdre et il y & une renitruration que 1'on peut plus ou moins
limjter.

L'obtention de basses teneurs en Asote passe par un affinage poused du bain par 1'oxyde de Carbome ou par

un bullage par gaz neutre avec une coulle 3 1'abri de 1'sir, Si la coulée a lieu 2 1'sir, il y s une renitru-
rotion supplémentaire qui explique le nivesu Slevé (120 ppm) choisi pour 1'exemple de la figure ¢ et 1s die-
persion de la teneur en Asote de ces charges refondues au four VINM,

4- EVOLUTION DU SOUFRE

L'abeence de laitier au four ) lnduction sous vide ne permet pas de désulfurer par la méthode traditiommelle
d'échange d'Oxygine ot de Soufre entre métal et laitier, la seule voie envisagsable est la pricipitetion de
o(ucl{.ur”.‘}:%ufblu de Calcium ou de Magnésium résultant d'un traitement par Calcium, Magnésium, Terres Rares.
En indexsnt la mise de désulfurant sur la teneur en Soufre, on peut §liminer jusqu’'d 200 ppm de Soufre et ob-
tenir un résiduel de 1'ocrdre de 10 ppm. L'excds de Calcium et de Magnésium s'6limine rapidement sous vide
ssle les sulfures déposés sur les parols du creuset sont trds oxydables et le Soufre se redissous dans la cou-
i6e suivante. On observe aslore un enrichissement graduel en Soufre, coulbe aprds coulbe (cf. figure 10) qui im-
pose ) chaque fols d'augmenter la dose de désulfurant. Face ) une telle évolution, i1 feut considérer 1a dé~
sulfuration su four 2} induction sous vide comme un moyen de réparer un accident local mais non comme une pro-
cbdure B utiliser systématiquement.

La voie normale de désulfuration des chutes sulfurées passe par le traitement par un laitier basique 4'um dain
bien désoxydé su four ) src. Le bas Soufre vs de pair svec un bas Oxygine et un résiduel plus ou moins impor-
tent en Aluminium. Le oftal ainsl réduit s'apparente sux chutes de la nuance et, comme elles, reldve d'une
gamme type recyclage direct.

5- OLIGOELEMENTS

La valour d'usage des supersiliages, correspondant aux utilisations les plus exigeantes, suppose la mise sous
contrBle de 67 Slbments dont )9 veconnus nocifs 3 1°§tat de traces (moins de 25 ppm pour chacum et ume scume
inférieure 3 400 ppm). Trois &léments Pb, Ag, Se doivent Stre inférieurs 2 S ppm, T1 ot Te Stamt inférieurs
21 ppm ot Bl iaférieur 3 0.5 ppa. Le tablesu 3 domne les résultats de quelques analyses. De par lewr réecti-
vité, les Sléments se différencient sommairement en deux catdgories (ref. 7 ot 8) :

- Cavtains As, Sa, 8§50, P ue sout pas volatile et ne 3'éliminent pas su cours de 1'Slaborstion ot de la vefusion
sous vide. On comstete wn eurichissement progressit dd su recyclage qui contraint A procéder ) des dilutioms
ou 3 un dSclasrement pour saintenir les tencurs A wn nivesu acceptadle ;

- D'autres Sléments somt volatils, c'est le cas en particulier de Te, Bi, P, Ca, Mg, Za, Ou, S¢ qui scat $1i-
sinfs ou moins eu partie per les traitements sous vide car les cinftiques de distillations su four VIN eomt
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lentes, de 1'ordre de 10 ppm par heure pour le Plomb au nivesu de 20 ppm. La refusion VAR est besucoup
plus efficace pour déplomder puisqu'elle permet de garaatir dans le lingot une teneur en Plomb inférieure
2 5 ppm,mbne 3 partir d'une électrode qui en contiendrait 20 ppm.

6- EFFET DE LA REFUSION AU FOUR A ELECTRODE CONSOMMABLE

La refusion au four 3 Electrode consommable est destinbe 2 contrdler la solidification des lingots, c'est-d-
dire A sesurer une répartition homogine des phases secondsires et 3 winimiser le ' +ux de ségrégation.

Du point de vue qui nous intéresse ici, elle permet sussi de compléter le traitement du four 3 induction sous
vide.

- Au four VAR, 1'éclatement des gouttes métalliques dans l'arc offre des possibilités d'échange avec le vide ;
1'augmentation de surface asccéldre les cinftiques de mise 2 1'équilibre dans des conditions de température
et de pression différentesde celles du four VIM. Les gaz résiduels (CO, Hy) sont désorbés et €liminés par
le systdwe de pompage. Les pertes en Azote ne sont pas négligesbles puisque au niveau de 50 ppm, on a &tabli
la relation empirique suivante :

AN = ~0.76N2(in£(hl) + 5.8

les #léments volatils condensables se déposent sur les parois de la lingotidre et se retrouvent en peau
des lingots. Dane un cas extrdme, on a pu doser dans le distillat jusqu'3 0.1 T de Soufre, 40 ppm de Plomd
et 80 ppm de iinc, alors que dans la watrice, le Plomd et le Zinc &taient 2 des concentrations inférieures
3 5 pps. La concentration des impuretés en peau des lingots représente cependant un risque #levé de fragi-
lisation.

- La refusion SR épure le métal psr dissolution des oxydes dans le laitier et sssure un compliément de désul-
furation. Pour des teneurs initiales de quelques dizaines de ppm, le taux de désulfuration est voisin de
50 I. Les concentrations en gaz et fléments volatils ne sont pas sbaissés en ESR et le contrBle du Titene
et de 1'Aluminium n'est obteny que per un ajustement précis de la composition du laitier.

En d'autres termes, la refusion vient compléter les purificstions qui ont #té oplrées lors des phases précé-
dentes. Les possibilités qu'elle offre contribuent ) améliorer la valeur d'usage ) la fois par réduction des
teneurs moyeunes et dispersion plus régulidre des phases nocives. Néanmoins, cet sspect ne peut $tre consi-
déré que comme secondsire devant 1'objectif essentiel de cette opération qui demeure le contr8le de la struc-
ture de solidification.

CONCLUSION

Les chutes générées au cours du cycle de fabrication de piéces en supersllisge et les pidces elles-mimes apris
usage sont de plus en plus systématiquement réutilisfes comme matidre premidre. L'augmentation du taux de re-
cyclage est like ) des progrds dans les techniques physico-chimiques de nettoyage des matidres 2 recycler et
par une meilleure compréhension et mise sous contr8le des opérations d'affinage en phase liquide et enfin une
sdaptation des modes de conduite de 1'élaboration au four 3 induction sous vide.

A les considérer individuellement, les principaux &léments qui constituent la pollution peuvent Stre ramenés
3 des teneurs compatibles svec les exigences, msis c'est leur présence simultanfe qui rend les opérations
plus complexes et conduit A des recommendations contradictoires.

Lorsque la présentation physique des chutes et leur nettoyage préalable permettent une opération directe au
four } induction sous vide, une gamme d'6lsboration rapide assimilable par certsins sspects 2 une fusion inerte
conserve toute la qualité obtenue par 1'6laboration d'origine. Ceci suppose que les précautions nécessaires 2
la conservation des chutes soient prises tout su long du cyclae, depuis 1a fusion du métal jusqu'd 1'usinage
dee pldces. De telles précsutions sont A 1'6vidence colteuses, mais 1'enjeu est important devent le codt wa-
tidre ot émergétique des opérations de reconditionnement par pyrométsllurgie.

Celles-ci offrent de plus larges possibilités de purification par affinage pneusatique et par échange métal-
laitier, toutefols il est difficile d'agir simultanément sur tous les &léments 2 la fois pour les amener sux
niveaux souhsités. D‘sutre part, les rendements satilres sont wmoins favorables que dans le recyclage direce.

L'ensemble de ces mesures judicieusement cowbinfes permet un taux de recyclage globalement §levé et A ce titre,
on peut considérer, pour une part importante des allisges, que 1’on & ainsi une source de matidre premidre
de qualité.
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Maassif [Léger| Perte] Total
Producteur | g8 | 11 s | 100

Translormateur | 38 56 $ 190

Total L 1) 21 § |[100

TABLEAU | - Répartition des différents types de chutes générées
en 1976 aux USA (¢n pourcentage).

Form and quantity of scrap generated in the USA in
1976 (in ).

%Hasion Addition | Coulée ;
fusion | 122 189 56

El\ute‘l‘i T) 38 31

TABLEAU 2 - Evolution de la teneur en azote en ppm su cours de
* 1'€laboration su four d induction sous vide - Alliage
ATGN2A, moyenne de 1O coulées.

Nitrogen changes during VIM - Alloy type U 500 - Average
value of ten meits.
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TABLEAV 3 - Comparsison des cindtiques de dénitruration dens trois
fours 3 induction sous vide : 6 t, 1.3 t, %0 kg.

Comparaison of Nitrogen degassing kinetic in three dif-
ferent vacuum induction furnaces : 6 t, 1.5 ¢, 30 kg.
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ANALYSE TYPIQUE IN 718
C M Si S P Cr Fe Co Mo Ns Ti
0,048 0,15 n.17 10.002 | 0.002}17.97 } 18,580,022 | 2,92 | u.82 | 0.92
ANALYSE TYPIOIt 1IN 7)8
AL B Cu Nt Ca M Bi Te Te Ps 1
0.61 ]0.0060{0.0014 | 53,59 |0.00017§ 0.0002)0.,000C2 0.00(‘01!'0«“75 0.0002 |0.0002
ANALYSE TYPIQUE 1IN 718
SE SN In Rs Pp L As Ca F Na Sc
0000025| 0.0055]0.001% | 0.0015]0.000)2} 0.0004 | (.0025] 0.0017 o.mﬂn.omslmtmi

TABLEAU & - Analyse typique de 1'alliage IN 718
Typical analysis of & 718 Alloy
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PROBLEMES POSES AUX MOTORISTES
PAR LE RECYCLAGE DES MATERIAUX METALLIQUES

Y. HONNORAT - J . NOUAILLES -

Soc16té Kationale d'Etude et de Construction
de Moteurs d'Aviation t

2. Bld Victor

75724 PARIS CEOEX 15 3

FRANCE -

RESUME

La fabrication des piéces principales de moteurs séronautiques implique une garantie sur leur
valeur d'usage qui n'est pas toujours compliétement vérifiable par contrdle non destructif. Or, les rende- :
ments de fabrication sont souvent trds faibles et le codt des pidces est trés influencé par les économies 3
de matidre : le motoriste doit donc recycler les chutes de fadbrication et cect est d'autant plus rentsble :
que le circuit de recycla?e est plus court. Ce recyclage est susceptible de générer des problémes de qus- B 4
11¢té vis 8 vis desquels 11 fout se prémunir. ;

Des exemples relatifs & 14 mise en oeuvre d'alliages de titane corroyés et de superalliages de . |
ntckel pour -ou)c?c en cire perdue illustrent les mécanismes par lesquels le recyclage des chutes est 3
susceptible d'influer sur 1a qualité des pidces. Le rdle respectif des différents partenaires gque sont ¥
1'aciériste, le fabricant de pidces brutes, le motoriste et le recycleur est mis en évidence. Les moyens o
que les techniques de contrdle de recette procurent su motoriste pour maitriser le probidme sont explicités.

00o-

La plupart des matérisux métalliques mis en oeuvre dans les turbines & gaz séronsutiques font

1'objet, depuis 1'origine de cette industrie, d'une production 3 partir de charges sélectionnbes pour ce

type d'application, dans des fours congus A cet effet, chez des &laborateurs spbcialisés.Ceci est particu- x
1i¢rement vrai pour les allisges & hautes caractéristiques 4 base de nickel ou de titane qui sont utilisés Fi
pour les pidces les plus sollicitées. Compte tenu de la rareté et des problémes d’approvisionnement que s
posent certains métaux qui sont des constituants essentiels de ces alliages, et du relatif isolement des ‘
chaines d'élaboration et de transformation de ceux-ci dans |'ensemble de !'industrie mbtallurgique,le
probldme de la réutilisation des chutes s'est ismédiatement posé.Or 1s présence simultanée de métaux
difficiliement séparsbles, dans ces alliages souvent utilisés presque exclusivement dans la construction E:
des moteurs, rend trés difficile 1a valorisation de leurs chutes dans d'autres classes d'alliages de a -~
métallurgie spéciale. 11 est donc vite apparu que ‘es solutions qui puissent xtre satisfaisantes tant du 4
point de vue économique que du point de vue technique, devraient étre recherchées 3 1'intérieur du cadre 3
de la métallurgie aéronsutique. -

NATURE DU PROBLEME POSE AU MOTORISTE £ DES ENJEUX

Le probléme est d'sutant plus aigu que, compte tenu de )a complexité croissante de la forme des
piéces, les rendements de production entre la piéce finie et le matériau produit per 1'sciériste sont
souvent faibles. Ainsi, 1] n'est pas rare de mesurer dans le cas de moteurs modernes, des rendements de
mise en oeuvre de 151 pour des aubes de turbine coulées en fonderie de cire perdue, ou de 10T pour des
disques de compresseur ou de turbine forgés en matrices fermées. Pour obtenir les rendements globaux de
fabrication entre la pidce montée sur moteur et la charge d'enfournement de 1'aciériste, ces proportions
sont & multiplier par les rendements d'élsboration du matériau qui sont respectivement de 1'ordre de 871 3
et de 55%.

On peut donc aisément calculer, sur la base de ces chiffres, que la fabrication d'un kilogramme
d'sube de turbine génére 6.7 kg de chutes : la fabrication d'un kilogremme de disque gbnére 17.2 kg de
chutes. (Curieusement les rtsu?uts de calcul de ce dernier chiffre sont trés voisins, qu'il s‘agisse de
superalliages 3 base de nickel ou de superaliiages 3 base de titane). L'incitation économique au rocyclnr .
des chutes est donc trds forte. A titre d'exemple.on gagne 1% sur le colt de production d'un moteur civi ;
comme le CFM.56 en abaissant de 10% le cout de fabrication des disques, et ceci paut étre obtenu en gagnant
25% sur le coGt de 1s matidre mise en oeuvre. Dans le cas de 1'aliiage de titane TAGV PQ &laboré par triple
fusion sous vide, utilisé pour les disques de compresseur basse pression, ce gain sur la matidre peut édtre
obtenu en remplacant une charge de matidre neuve par une charge mixte de 551 d'éponge et 45% de copeaux
recyclés. De 1a mime facon, on calcule que, malgré des fluctuations trés fortes du prix des jets moulés en
superalliage de nickel IN 100 élaborés A partir de matidre neuve (les prix ont varié dans une proportion
de | 4 2 depuis deux ens), )'Gconoae réalisle par le fondeur qui utilise des jets moulés élaborés A partir
d'une charge sixte comprenant 503 de chutes de fonderie et 50% de matidres neuves est constasment resté
& 1'intérieur d'une fourchette de 37 3 441 du prix de base. On peut ensuite remarquer que, puisque des
techniques d'élaboration et de mise en oeuvre différentes président § 1a fabrication de ces deux catégories
de ptéces, la répartition des poids de chute en fonction de leur nature (chutes massives, Copesux, meulures,
perte au fey, etc...) et 1'endroit o0 elles sont crédes (Acidrie, forge ou fonderie, atelier d'usinage, etc..)
sont varisbles d'un cas § un sutre.

La conception et ls fabrication des moteurs étent ,ouvornlos par des réglements trés stricts destinds &

garantir la sbcuritd des passagers d'svions et 1a Tiabi11té des machines, 1'attitude des constructeurs vis ]
vis du probldme de recyclage des chutes a 8té longtemps trds conservatrice. En effet, 1o dessin de la oy
plupsrt des piices de moteur &tant fondd sur le principe “Safe Life", par définition, 1a durée de vie des

aschines doft étre gerentie en tensnt compte des endommegements naturels ou accidentels des pidces, et donc,

pour les disques.de 1a capacitd des matérisux & garder 1'intégrité de leurs caractéristiques pendant toute i3
1a durge de leur utilisation; ou pour les subes de la capacité des carters ) retenir les dlbris des pidces
rompues en service.
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Or,s'11 est facile de mettre en évidence les varfations dans le comportement et !'endommagement des
matérigux sous 1'effet de la réintroduction des chutes dans leur cycle de fadrication, jusqu'd 11 y s dix
ans, les facteurs influents de cette dispersion n'avaient pas pu dtre suffisesment cernds.

LES PARTENAIRES £ LES METHODES DU PROGRES

Des ratsons de deux ordres peuvent étre invoquées pour expliquer cels :
- une connaissance insuffissnte des conditions de fonctionnement des outils d'élshoration,

- une miconnaissance des lois d'endommagement des matériaux, en particulier sous 1'effet conjugud
des différents types de sollicitetions suxquelles les pidces peuvent étre soumises en service.

Ce n'est que par des progrés paralldles dans ces deux domaines que 1'on peut depuis guelques enndes

s affranchir pev & peu du principe selon Tequel les matériaux dotvent #tre &laborés 3 partir de matidres
neuves les plus pures possibles, et mis en osuvre dans des piéces dessindes avec des coefficients de
sécurité élevis pour se prémunir contre des micanismes d'endommagement non modé)isés. Les sciéristes ont
effectud un travail considérable d'dtude et de modé!isation des processus d'sffinage et d'évolution des
inclusions dans les fours d'éladboration et de refusion. En mime temps, Jes outils ont &té diversifiés et
dotés de moyens de 7)“ en plus sophistiqués pour mettre sous contrdle leur fonctionnement. C'est sur ces
bases que reposent les premidres publications proposant des mithodes de recyciage des superalliages, et
perai celles qui ont permis de faire avancer le prodldme de facon n?n"fcothu.on peut citer la pudblication
de CRENISIO en 1977 (1) qut fait une revue critique des techniques disponibles pour le traitement des
chutes, et celle de WOULDS en 1980 (2), qui le premier, a donnd des résultsts d’essats industriels d'affinage
de superalliages de fonderie en cire perdue.

De leur coté, les motoristes ont effectud des progrés sensibles dans 1'identification des modes de sollici-
tations ants et de leurs effets sépards et combinds, les principaux &tant 1a fatigue, le fluage et
1'agression de |'atmosphére au contact de 138 piéce en service. Ces progrés repasent tout d'abord sur une
Targe utilisation des thlories de 12 micentique de 1a rupture, qui & permis de quantifier 1a tenue i 1a
propagation des fissures et 1a nocivith des petits défauts de qualité des matérigux. On a ainst pu mettre
en évidence le rble de certaines impuretés nocives ou de certaines sdditions dénéfiques sur la vitesse de
propsgation des criques,et déterminer quantitativement le rdle néfaste des inclusions dans 1a tenue )
1'amorcage des fissures. HERMAN et SENECHAL, dans une publication récente (3), ont analysé en détail les
progrés réalisés 1§ ce sujet dans la conception et 1a fabrication des disques de turbomachines.

Mats su deld des travaux de base effectuds per 1'actériste et le constructeur, e recyclage des chutes
requiert 1a participation active de recycleurs spécialisés qui regroupent et conditionnent les chutes dans
des installations construites ) cet effet, et selon des procldés spicifiques et des gammes figdes.
L'importance du rdle de ce partenaire intermédiaire découle de 1'application nécessaire du systdme d'assu-
rance de la qualité au recyclage des chutes, et depuis quatre ans plusieurs socidtés se sont développles
tant en Europe qu'asux USA pour répondre & la demande de 1'industrie des moteurs adronautiques.

Par ailleurs, des travaux fmportants ont ¢té effectués et se poursvivent pour 12 mise au point de méthodes de
contrdle non destructif (4) et, d'analyse #lémentaire (5-6) plus performantes ainsi que pour perfectionner
les méthodes d'évalustion du comportement des matériaux au cours de Teur mise en oeuvre. En particulter, en
fonderie de précision, les travaux de 1'ECOLE DES MINES de PARIS en concertation avec ls SNECWA (7-8) sur
1a solidification des superalliages ont débouché sur des progrds importants dans le choix des qualités
d'elltage difficiles b couler.

Afin de préciser 1a nature des difficultés & surmonter, des solutions des et des résultats obtenus,
nous allons passer en revue successivement des exemples d'application de 1a démarche décrite ci-dessus §
deus cotégories différentes de matérisux : les alliages de titane corroyls et les alliages de nickel pour
moulage en cire perdue.

LE RECYCLAGE DES ALLIAGES OE TITANE CORROVES

Vis & vis du recyclage des chutes, les alliages de titane se distinguent des autres alliages utilisés dans
les moteurs per Je fait que leur cycle de fabrication ne comprend pas d'étape d'élaboration en masse &
1'¢tat liquide, et que 1'on ne procdde que par fusion et solidification locales et progressives. De ce fait
1a dilution des impuretés, et 1a séparation ou la rdduction des inclusions ne peuvent se faire aussi
complétement que pour les a)liages des mitaux ferreux.

Porwi les inclusions oxornn les plus nocives susceptibles de se trouver dans les alliages de titane
figurent les corbures trés diffictlement soludles comme WC (cf figure 1).

De telles inclusions proviennent gindralement de débris d'outils. Pour se prémunir contre les pollutions
asccidentelles de Ce type, st tout d'sbord nicessaire pour e motoriste d'établir un classement per caté-
gories des chutes récuplrables, tout en exigeant que les chutes recyclées proviennent exclusivement de

de produits de quelité alronautique, qu'elles solent trides per nuance et rassemblées en lots homogines.

Lo SNECMA, dans son document DMR 24 qui d8finit les conditions de réception des billettes et barres en
alifoge de titene, o inséré une grille de classification des chutes qut distingue quatre catégorties :

- les chutes messives dont la tracadilith est sssurde et qut provienment des fabrications de
Vvectériste qui les recycle,

- les chutes messives, sans tracebilité, qui doivent dtre contrdlles unitairement,
- Tes chutes léghres ( potds < 500 g) sans *ragabilits, contrdldes par prélivement,
- Jes copeaux lotis avec un contrdie de la nusnce sur un dchentillion reprisentatif.

>

e ——— e —

-

T




-

| - R

17-3

Dens chacune de ces catégories sont distingules les Chutes usinbes avec des outils en carbure qui ndcessitent
un tri et un contrdle particulilrement soignés de celles usindes avec des outils en acler rapide, pour
Tesquelles !'expérience a montré que les risques de persistence d'inclusions nocives au cours des refusions
successives ftatfent ligeables. Les chutes massives ne dofvent pas présenter 3 leur surface de traces
d'insertion accidentelle de morcesux d'outils. Les contrdles les plus rigoureun sont exigés sur les copeaux
dont le plus grand &tat de division accroit les risques de poliution. Certains recycleurs ont mis récemment
3y point des chaines de conditionnement spécialisées dens le traitement des copeaux de titane, qut combinent
des mithodes de tri fonddes sur plusteurs particularités physiques des matériaux d réperer (densite,
sagnétitme, opacité aux rayonnements etc...) et un contrdle final 4 100% par radiographie X. Ces chaines

de tri ont considérablement diminué le risque d'inclusions exogénes dans les lingots, et les plus petites
particules de carbures trifes avec une quasi-certitude par de telles installations ont un diamitre qui
s'échelonne selon les cas de 0.20 3 0.60 wm., et qui en moyenne est de 0.40 mm.

Compte teny des nivesux de sollicitations des pidces, qui sont en particulier en flﬂ?ue oligocyclique, de
T'ordre de 500 NP, les facteurs d'intensité de contrainte correspondant sux défauts les plus nocifs de
cette tailie de 0.40 am sont de |‘ordre de K = 19509.(". Dans ces conditions, les vitesses de fissuration
en fatigue restent trés fatbles, soit environ 10 “mm/cycle, et les inclusions de cette taille ne sont pas
susceptibles de réduire sensiblement la durée de vie escomptée des piléces.

Cependant le forgeron n's pas toujours en ]'état actue) des techniques de contrdle disponidles en atelier,

1a possibilite de vérifier 1a propreté inclusionnaire des produits livrés par 1'aciériste 3 un niveau de
résolution équivalent. C'est ainsi qu'd 1o SNECMA Tes dillettes meulées sont contréiées par ultra-sons svec
une fréquence de 5 MHI. Avec le niveau de senstdtliité courant 8 40, la tatlle du plus petit défaut détectable
sans tenir compte des stténuations lides sux facteurs d'impédance et de forme de 1'incluston, est de 0.85 mm
(diamdtre du trou ) fond plat &quivalent). Avec le niveau A 20, 4 la limite des tmpositions possibles sur

ce type de produit, cette dimension se réduit § 0.60 mm. Sur des barres 3 aubes oG la structure est plus
permbadble asux uitrasons, on peut atteindre un seul) de 0.35 sm en contrbdle US par immersion.

En résumb, on peut donc estimer que, dans le cas qut nous préor- ipe, les résultats atteints par les recycleurs

A sont cohérents avec les exigences sctuelles des constructeurs :» moteurs. Cependant, les possibilités de
contrdle des demi-produits se révélent insuffisantes et 11 faut procéder ensuite 3 des contrdles plus onéreux
(readio J haute sensidilité en particulier) sur pidce pour garantir leur durée de vie. Ainsi la réduction de
coUt de la matidre est en partie consommbe par |°augmentation du cout des contrdles.

En dehors des inclusions dures de carbure, de nombreux sutres types de contamination sont susceptibles
d'sccompagner le recyclage des chutes de titane, tels que des oxydes, des débris d’'électrodes de soudage, ou
des morcesux ou copesux de méteux réfractaires. La figure 2 montre un cas de pollution de TA 6 Ir SD
(type IM] 685) par de tantale qui tire son origine d'un mélange de chutes.ll est remarquable de constater que,
bien que 1'tnclustion puisse &tre moins dure que 1'alliage qui la contient, elle entratne des déchirures en

. mrr (figure 3). Cect s'explique sans doute par le fait que la plastification d'une telle inclustion au cours
du forgesge ne $'accompagne pas de sa recristallisation, la température de corroysge de 1°'alliage de titane
#tent trop basse. On comprend donc que le recyclage des chutes de titane pose des problémes multiples qui
relévent de cos d'espice trds varids, et nécessite d'accumuler un volume suffisant d‘expérience industrielle
chez les différents partenaires avent de pouvoir prononcer !'agrément de nouvelles fi)idres de recyclage.

LE RECYCLAGE DES SUPERALLIAGES DE NICKEL EN FONDERIE D€ PRECISION

Pour ces matériaux qut participent d'un asutre mode d'élaboration et d'une autre technique de mise en
oeuvre, Tes origines des contaminations sont différentes et leurs manifestations éventuelles lors du recyclage
des chutes se situent & une échelle de taiile tnférieure dans la structure.

. Plus de 903 des chutes gbndrées lors de la mise en oeuvre des jets moulds livrés par |'acidriste au fondeur
. se retrouvent sous 1a forme messive des alimentations de coulée. La figure 4 montre un exemple de telles
o chutes aprés tronconnsge des aubes couldes en NK 15 CADT (type RENE 77). On distingue immédiatement sur cette
chute les oremtéres couses de contastnation que sont les réfractaires de coulée et 1a zone de retassure, o0
Yo mita) reste liquide suffisasment longtemps pour qu'il soit difficile d'éviter les réactions avec 1'atmos-
phire lors de !‘ouverture du four de coulde. La figure 5 11lustre des cas de réaction entre chramiques de
3 fonderie et métal. et permet de comprendre que les nettoyages par grenaille ou attaque chimigque qui sont
: systématiquement pratiqués par le recycleur puissent ne pas btre toujours parfaitement efficaces. Cependant,
Tes techniques de filtration & 1a coulée de jets qui se sont répandues depuis deux ans chez tous les scilristes
(9-10) résolvent semble-t'1) convensblement le probldme de 1a propreté inclusionnaire.

Par contre, les autres types de pollution, plus difficiles & combattre, ont conduit depuis | emps b dis-
tinguer différentes classes de couldes-mires selon 1a constitution de la charge et 3 réserver leur utilisation
chez le fondeur en fonction de 'a pidce & couler, plus ou moins sensible aux contamtnants. On dbfinit ainsi
pour les »l1tages #laborés sous vide -

——

- 1o classe A, $ladorée § partir de matidres neuves. ol 1 aciériste peut introduire une proportton
de 12% de ses propres chutes,

——— -

- la classe B, dont 13 charge comprend de 40 4 60% de chutes de 1'acidriste et du fondeur client,
1s classe C dont Ja charge est constitube 4 1003 de chutes de )'acldriste et du fondeur client.

L'explrience montre que 1a qualité du mbtal recyclé ne dépend pes seulement du soin apporté au tri et eu
nettoyege des chutes. C'est sfnsi que pour une pidce donnde on constate des différences systématiques de
coractéristiques lorsque |'on change 1a classe d'¢leboration. Ls figure 6 montre, ) titre d'exemple,
1'shattement d¢e la durde de vie en fatt vidbratoire d'aubes on WK 15 CADT (type RENE 77) constaté en
coulant ces ptéces avec un slifage de classe 8 oy lieu de la classe A. En gindral, les chutes de caractiéris-
tiques s'sccompagnent de modifications microstructursies minevres affectant principalement les espaces
interdendritiques, qut sont donc § relier aux devnidres &tapes de 1a solidification (7-8).
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Le contrdle radiographique par rayons X, effectud systématiquement sur Tes aubes coulées en fonderie de
précision, permet, avec les ambliorations odtenues récemment en utilisent des tubes & foyer fin et des
&crans ranforcateurs de contraste, de distinguer de petites vartations du taux de porositd® interdendritique
auque) les propridtés micaniques sont trés sensibles. Sur la base de ce contrdle, la fonderie de 1a SNECMA
classe systématiquement les lots d'alliages, et \'snalyse statistique des résultats met en évidence les
¢ldments en trace les plus nocifs: et les traces d'&léments carburigines Hf et Wb, mais surtout |'azote,
sont apparus comme les.premiers responsables.

La figure 7 montre une différence sensible des teneurs en azote entre les spprovisionnements des classes A

et B du mtme al)iage MK 15 CADT. L'asnalyse répitée de la distribution de cet €)dment par un de nos fournisseurs
principaux (10) su cours du tri de descendants de coulée one\o?\m 4 ceun de 1a .figure &, met en évidence

des variastions significatives 8 4 35 ppm selon le point de prélédvement et la possibilité de séperer par
tronconnage les zones les plus poliudes afin de différencier les procédures de recyclage et tenter de réduire
cet écart.

Cect est un exemple des ambliorations successives apportées par 1'aciériste & 1a teneur résiduelle en azote.
D'asutres travaux portant sur les procédures d'affinage au four & induction sous vide 3'y sont ajoutés pour
obtenir des résultats du type de ceux 1llustrés sux figures 8 et 9. oi )'histogramme des teneurs en azote
aprés ces onobliouuom aspparait décalé de fagon significative vers des teneurs plus faibles dans le MK 15CATu
(type IN 100).

Pour affiner le classement radiographique du taux de porosité & 1a coulée, le Yaboratoire de 1a SNECMA a mis
au paint une explrience de coulée en source au four & induction sous vide d'éprouvettes de microporositéd.

Une grappe de quatre éprouvettes cylindriques de diemitre 13 mm et longueur 100mm est coulée en source dans
des conditions thermiques reproductibles et contrdlées. Une plaquette de 2um d'épatsseur est ensuite orélevée
par un découpage paralldle ) 1'axe des éprouvettes aux fins de ceractérisation.

Ls mesure en micrographie optique des taux de porosité a permis d'étalonner les clichés de radiographie X
par comparatson aux clichés-types de 1a morme AS TN .t d'dteblir le tableau de correspondence de
Yo figure 10. La validité de cet essat de microporosité a été étadlte par la caractérisation de lots
setidre utilisés en fonderie. C'est ainsi que V'on & obtenu, avec te MK 15 CATu par rapport & un lot de
classe A de référence conduisant & un clichd ASTM 1, les résultats suivants avec des lots de classe 8 se
daifférencisnt par des traces de polluants

- avec + S00 ppm de Hf un clichd ASTM 3
- avec + 200 ppm de Nb un cliché ASTM &
- ovec + 20 ppmde N un cliché ASTM 4

Ces résultats recoupent parfaitement 1'expérience de |’atelier de fonderte. 113 ont conduit ) adopter cet
essat de stcroporostité pour la caractérisation de lots industriels. Le wime essel permet de relier, de fagon
plus précise qu'l partir des dissections de pidce. les caractéristiques micaniques A 1a distribution de la
porosité et la figure 11 montre un exemple d'une telle corréistion &tadlte par des essais de fluage )
partir d'éprouvettes découples dans les plaques prélevées pour 1a radiographie.

Un autre cas d'analyse structurale quantitative, utilisé pour le classement des lots de MK 15 CDAT
est t1lustré & 18 figure 12 qut montre la fréquence Cumulée des carbures en fonction de leur taille mesurée
sur coupe polie du grossissement x 1500 & 1'atde d'un analyseur d'imsge automatique. Ce type de mesure,
effectud sur un grend nombre d'échentillions permet de rendre compte de fecon plus fine des différences entre
tots du type de celles t1lustrées & 1o figure 6. Lo conjugaison de telles études structursles avec des
snalyses thermiques différentielles conduit 3 identifier quantitativeemnt les facteurs de contamination au
recycisge des chutes ) adapter en consbquence les spécificattions et 3 rddutre les causes de rebut en atelier.

comcLus lon

Le recyclage des matérisux mbita)liques utilisds dens la construction des moteurs séronautiques
eplique une collaboration étroite entre les différents partenaires que sont 1'actériste, le recyclevr, le
fondeur ou le forgeron et le constructeur de moteurs.

L‘enjeu &conomique est important, meis les gains sur les quentités de metidres neuves mises en oeuvre ne
peuvent étre obtenus que sur 1a base d'un systdme complet d'Assurance de 1a Qualité impliquant des documents
spicifiquement aminagls, de prochdures de tri et des procldés de recyclage bien établis avec des gammes
fighes, atnsi que des mbthodes de contrdle adaptées. 11 fmporte ensuite de virifier par des audits plriodi-
ques s conformité des pratiques & ce systéme.

Le motoriste doit orchestrer les actions de ses fournisseurs et ne mettre ou faire mettre en oeuvre que celles
dont 1°'inocuité sur 13 qualité des pidces a Sté dimontrée per des dissections ou des essais partiels. Dans
cette démarche, |'snalyse structurale quantitstive s'avire dtre un moyen particul idrement efficace. en ce
qu'i) permet ¢'identifier avec préciston les fecteurs influencant 1a valewr d'us des pidces lesquels
V'acidriste, prt avoir prise, comme 1a propretd inclusfonnaire ou les traces d'éléments résiduels.
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COATING DEVELOPMENTS TO RESTRICT STRATEGIC MATERIALS USAGE
R. J. Hecht and D. S. Halfpap
Pratt and Whitney Aircraft Group
Government Products Division
P. 0. Box 2691
West Palm Beach, Florida 33402
b R AD-P004 226
ABSTRACT

‘Hot section gas turbine engine components have relied on the use of superalloys
which contain high percentages of strategic elements to attain an optimum compromise of :
high temperature strength, corrosion and oxidation resistance. Due to limited avail-
ability and price fluctuations of certain key alloying elements, such as cobalt and N
tantalum, selection and substitutfon of superalloys w?th lower strategic element content
is being accomplished. The change in alloy often leads to the use of materials with less
corrosion and oxidation resistance. This paper describes the development of protective
coatings that have snabled the implementation of less environmentally stable alloys with
no loss, and sometimes an increase. in component capability and life. Development of
tallored MCrAlY overlay coatings, improved diffusion aluminides, thermal barriers, and
alternate wear resistant coatings has enabled the coating corrosion and oxidation life
to be more independent of the base superalloy composition and hence allow more latitude
in alloy selec’ion. The resulting coating developments and their effects on reducing
strategic element use are prcucntcﬂx

\

\
}
INTRODUCTION b
The limited availability of strategic elements that occurred starting in 1977, and ;
the resulting price escalations, led to an increased awareness of the dependence upon ]
key elements such as Co, Cr, Ni, Ta, Ti{ and Cb used in the manufacture of gas turbine E
engines. This situation led to the initiation of programs at Pratt and Wh tne{ Adlrcraft
to reduce the useage of these "strategic or critical” elements through the following
efforts.
h o Substitution and/or development of less strategic element containing alloys %
and composites. j
[ Reduction in the input material requirements in component manufacture.
[ Repair and restoration of worn or damaged parts for extended service.
(] Initiation of new engine design to reduce part count and/or extend cowmponent i
durability. g
o Extension of component life throuth improved non-destructive evaluation (NDE)
w’ and retirement for cause (RFC) criteria. 3
) Substitution and/or development of metallic and ceramic protective coatings, g \.
that are not only lower in strategic material content, but also allow use of
existing or new 'strategic element lean” alloys.
. The results of this initiative for the first five items have been previously described

by Allen, Halfpap and Siegel.* This paper describes the work in coating development,
processing and implementation that has and will continue to impact the reduction of
strategic elements in Pratt and Whitney Aircraft engines.

COATING DEVELOPMENTS

e g

Historically the major use of protective coatings or surface treatments has been to
reduce the oxidation and/or hot corrosion (sulfidation) distress of hot section components
in the combustor, turbine and afterburner (au tor) and exhaust nozzle sections of the s

s turbine engine. Of the strategic or critical elements used in an engine today, see ‘

able I, the two most important elements impacting hot section costing usage are Co and

Cr. These elements along with Ni are the backbone of the high tcn;otlturc superalloys.
The composition of typical Co and Ni base superalloys {s given in Tables II snd III.
The chromium with aluminus and/or minor additions of refractory elements give these alloys : i
their oxidation and corrosion resistance. The emphasis of coating developmenta has been
to enrich the pert surface, such that increased oxidation (temperature capabdbilicy) and
corrosion resistance is obtained. Hence, the thrust of coating efforts to reduce
strategic element usage in the hot section has been focused at allowing the substitution
of nickel base slloys for cobalt base alloys, use of lower cobalt containing coatings,
and extending component dursbility to reduce scrappage and spare part inventory require-
msents. Four major coating developments have been responsidle for meeting these ob?:ctivonz

* Presented this Conterence.
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1) Development of the MCrAlY overlay class of coatings

2) Use of Pt modified diffusion aluminide coatings

L)) Development and use of insulative "thermal barrier” ceramic coatings
4) Application of optimum wear resistant coatings

The greatest single contribution by Pratt & Whitney Aircraft to reduce strategic
element dependence was the revolutionary development of the MCrAlY (M = Fe, Co, N{)
class of overlay coatings. These overlay coatings, lgplied by electron beam vapor
deposition, plasma spray and aguttcrlng techniques allow the coating composition to be
designed independent of the substrate alloy, and to be optimized for the best c romise
of oxidation resistance, corrosion resistance and mechanical properties, Figures 1 and 2.
The devclog-cnt of MCrAlY overlay coatings has led to the availability of a family of
coatings that provide 2-10 times the oxigntion-corro-ion resistance :Kat of state-of-the-
art diffusion aluminide coatings. Early developments led to a CoCrAlY (67% Co) series
of coatings that still today are the most corrosion resistant coatings available in the
gas turbine industry. These coatings have provided over a three-fold increase in :
corrosion life of lst stage blades, see Figure 3, and allowed for the first time, sub-
stitution of higher strength nickel base superalloy vanes for cobalt base aluminide
coated vanes in advanced Air Force engines. This sutstitution reduced Co usage by over
36 kg. (80 1b.) per engine.

To meet the demand for higher temperature capability. the NiCoCrAlY class of coatings
was developed. The coatings of fer higher ductility, and approximately the equivalent
hot corrosion resistance to that obtained with CoCrAlY, while having approximately 45
percent by weight less cobalt. The NiCoCrAlY coatings (23% Co), now replacing CoCrAlY,
reduced cobalt usage while still maintaining or incressing airfoil durability. Savings
of &.600-9,000 kt. (10,000-20,000 1b.) of cobalt are projected by this substitution. The
largest benefit brought about by the NiCoCrAlY class of overlay coatings was the avail-
abiltity of higher tempersture capability coatings that could be formulated {ndependent
of the substrate alloy, and optimized for the engine aission and environment. ese
coatings, when combined with less corrosion-oxidation resistant alloys lean in strategic
elements. create an alloy/coating system that has no net loss in capability. With the
use of advanced N{CoCrAlY coatings on newly developed essentially Co, Cr free nickel base
superalloys, corrosion resistance commensurate with that of conventional nickel base
superalloys has been achieved, see Figure 4.

With the cobalt shortage in 1978, the cost of CoCrAlY coatings approximately doubled
in price; attention was focused on developing cobalt lean coatings. In applications
vhere oxidation resistance was needed (over corrosion rculltanccg NiCoCrAgY coatings
were substituted. Where corrosion resistance and not temperature capability (i.e.,
oxidation resistance) was life limiting. Pt modified diffusion aluminide coatings were
substituted for the CoCrAlY overlay coatings. Although not giving the corrosion pro-
tection of CoCrAlY, these Pt aluminides did provide corroclon/oxiﬁutlon protection to
meet the needs of in-service engines, Figure 4. Although Pt 1is llss considered a strategic
element, its use in these coatings is low, approximately 0.0l gm/cm<, or about 1/60 the
Co used in CoCrAlY.

Along with MCrAlY coating developments. advances in "thermal barrier’ ceramic coating
developments have further lessened the dependence on strategic elements in gas turbine
engines. Prior to the cobalt crises of 1977 cobalt base sheetmetal alloys, see Table III,
were being used for the manufecture of combustors, sugmentor and nozzle components.

These alloys were selected over Ni base alloys for their improved creep/rupture ltrcnﬁth
and fatigue capability. The ciisis caused t‘l engine design community to revisit nickel
base alloys in all areas. The development of & more spall resistant duplex Mg0.Zr02
thermsl barrier coating (Figure 3) was instrumental in the substitution of nickel base
alloys for Co base sheet nltoyl. The improved coatings offer over 56°C (100°F) metal
temperature reduction, see Figure 6. Implementation of nickel base alloys with these
nev costings in plase of cobalt alloys is being sccomplished in all Pratt and Whitney
Alrcraft engines. The estimated cobalt savings obtained on a typical engine combustor,
is shown in Figure 7. This savings includes the effects of a seven-fold reduction in
cobalt in the alloy plus improvements in manufacturing methods.

Beyond the combustor, augmentor and nozzle applications, the use of these thermal
barrier coatings on turbine airfoils {s also being investigated. Developments of more
adherent thermal barrier coatings have yielded coatings that can withstand the higher
sirfoil heat fluxes snd provide up to 167°C (300°7) in metal temperature reduction.
With this insulation benefit, even less strategic element containing turbine atirfoil
alloys cen be used, thus reducing further our dependence on strategic elements.

U.S. Alr Porce Retirement for Cause studies have pointed out that the most fruictful
ares for reduced strategic material usage, short of complete engine redesign, is through
component life extension. The exhaust noszle of a modern engine is a complex assembly
of over 400 major parts which {s subjected to extrems wear conditions, elevated tem-
peratures, vibrations, and constant part-to-part movement, Figure 8. Selection of
optisum wear coattntu is not slways straight forward because of the diversity of materials
used; titanium, nickel base superalloys, cobalt superalloys, columbium alloys and com-
posites. At Pratt and Whitney, extensive developments have been conducted to optimize
thermal barrier and wear coatings for the exhaust nozsle. Tigure 9 shows a comparison of
wear rates expsrienced during testing of vari{ous coatings on & noszle divergent flap bridge
clemp. This work led to tripling the life of thirty of the nozszle components.
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FUTURE EFFORTS

Advanced coating technology will continue to be a key element in reducing our
dependence on strategic materials in gas turbine engines. U.S. Alr Force sponsored
programs are underway to develop cont?n s with increased resistance to oxidation and
corrosion at higher temperatures as well as improved mechanical properties. Some of
these coatings are void of cobalt content., When coupled with advanced superalloys
essentially free of cobalt and chrome, these coatings provide higher turbine airfoil
capability with less dependent on strategic m.tarla?s. Development of thermal barrier
coatln?s for sheet metal and turbine components will continue and provide increased
capahility to all hot section parts. Efforts to be in a "state-of-readiness” to
rapidly implement these developments before a shortage or crisis occurs will remain a
major part of Pratt and Whitney's overall effort to reduce strategic material usage in
gas turbine engines.

Finished
Input parts
Ko (o) Kg (tb)
Titanium 2473 (5440 363 (798)
Aluminum 305 (670) 55 (121)
Tantalum 14 3 0.2 (0.5)
Columbium 66 (145) 14 31
Cobait 402 (885) 85 (142)
Chromium 875 (1485) 99 (217)
Nickel 2047 (4504) 281 (619)
Table 1 Weight of strategic elements used in the manufacture of an F100 gas
turbine engine
wt %
Aoy C N A T Ta Cb Co
Cobatt base

MAR-M 509 224 10 - 02 s - 8%

MAR-M 302 s . . e . 88

w152 2 . . . . . 64

Nickel bese

81900 8 a5 ¢ 1 43 . 10

IN100 [ 2 (2] 58 a7 - - 15
MAR-M-200 ® e H] 2 - 1 10

Table 11 Strategic elements in cobalt and nickel base superalloys used for cast

turbine vanes and blaces. (Composition given in weight percent.)

wt %
Aoy L] Cr w Co:Ta Co

Cobelt bess

L8608 10 20 1% - 538
Ha 188 22 2 145 . 4
Nickei base

Hast X Ba 22 oO6 . 13

IN 628 Bal 218 215 3688 o

Table III: Strategic elements in cobalt and nickel base sheet alloy used in
manufacturing combustor, sugmentor and nozzle components. (Composition
given in weight percent.)
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Figure 1 Schematic of electron beam vapor deposition process used in implementing
MCrAlY overlay coatings to gas turbine vanes and blades

Figure 2 M{crostructure of typical MCrAlY overlay coatings. Dark phase is
g8 (CoAi or NiAl), light phase is vy (nickel or cobalt solid solution).

] 3
Al
‘ Complete No .*
coating coating
failure in failure in .
300 hrs 1000 hrs ~ !
|
Diffusion CoCrAlY
aluminide overiay
" Figure 3: First stage blades after service evaluation illustrating over 3X life

extension achieved with substitution of CoCrAlY overlay coating for
standard diffusion aluminide coating
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Relative 3+
corrosion
resistance | 2}

1+ r---I
iffusion Diffusion  Pt-  Ni/CoCrAlY NICoCrAlY
aluminide aiuminide aluminide overiay overfay
Cobalt Nickel base superalioy Co, Cr free
base superalioy nickel base
superalioy

Figure &4 Hot corrosion life of di{ffusion aluminide, Pr-aluminide and NiCoCrAlY
overlay coatings showing advantages of overlay and Pt modified diffusion
coatings. Comparison based on 3? ppm salt, 995°C (17509F) cyclic burner
rig testing. '

insulative
) ceramic

layer

~ - | Protective
%) metaliic layer

! Substrate

~)

Figure 5 Microstructure of typical plasma sprayed thermal barrier coating used for
protaction of cowbustor, augmentor and nozzle components from thermal distress
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Potential metsl tempersture reductions possible with use of thermal barrier
coatings. Temperature reduction increases with increasing heat flux.
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-1 40
30
RN A (Thousands
{thousands ’ 43 20
of ibs)
- 10
1970 75 85 90 9% 2000
Year
Figure 7 Cobalt savings achieved in advanced engine combustor by use of {mproved

spell resistant thermal barrier coating and substitution of a M base
alloy for the standard Co base superalloy

Figure 8: Overall view of typical advanced tactical fighter exhaust nozzle showing
complex nozzle design
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COMPARISON WEAR RATES, EXHAUST
NOZZLE FLAP CLAMP

210
(50) 2 1. WC on Co alloy
168 2. Cry C, on Co alloy
(40) . 3. Cry C; on Ni alloy
Wear rate - cm/sec 4. CryC;on Cry C,
(in/min)x 10 ¢ 1261 5. Cry C; on WC
(30) 6. WC on WC
084].
(20)
0.42]
(10) "
1 |
5 6

1 2 3 4
Coating system

Compsrison of wear rates of various coatings on nozzle divergent flaps
shoving life improvement by selection of optimum wear resistcnt coating
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TRACE ELEMENTS IN SUPERALLOYS AND THE
IMPLICATIONS POR RECYCLING
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SURMARY

The wore efficient use of recycled foundry ecrap or revert alloy presents an
alternative to substitution as a means of conserving strategic raw materials and
represents wmore efficient utilisation of valuable resources. A major difficulty is the
inferior toundry performance of revert alloy which can result in hot tearing or
unacceptable levels of microporosity so that recycled saterial has generally been used
far the less critical components in the turbine.

!
2
;
E
;‘
i
j

The present paper considers the general proslem of control and specification of
impurity elements with particular attention to the situation relevant to recycled
alloys and considers the {nfluence of certain {wpurities on wmicrostructure and
propecties. It will be shown that thecre is scope for the improvement of specifications
for impurity elements and that a better understanding of the relationship between
casting conditions and microstructure is required for conventionally cast nll%

i
INTRODUCTION

> Uncertainties in the price stability and long-term availability of certain elements
cructal to the high temperature perforsance of superalloys has led to increased
interest in using larger amounts of recycled material to conserve these strategic
elements (1,2). The general extent to which the USA and the countries of Europe depend
on imports of elements such as nickel, chromium and cobalt, essential for high strength
superalloys, is evident fros Table 1. Although performance rather than price can be the 3
major criterion for high strength superalloys a considerable amount of scrap (1) is
currently recycled within the industry but this is largely used for less critical
components. The need to recycle material arises because of the large amount of high
quality scrap reqularly produced by individual foundries. Thus, 4during the {investaent
casting of blades only about 40% of the melt weight emecges in the final product and in
the case of wrought alloys some complex machined parts may have a final product yield
of approzisately ten per cent. Generally {t is estimated within the i(ndustry (4) that
the weight of semi-finished products leaving the plant is less than 308 of the weight
of alloy mwelted.

-

Although the major element concentration of recycled wmaterial s adjusted during
reverting to meet the original specification it is generslly agreed that the foundry
performance of revert alloy is inferfor to that of virgin. This interiority, which can
result {n increased microporosity or in hot-tesring, may be due to small changes in the
content of aminor elements such as sirconium, silicon, nitrogen and oxygen etc as a
(, result of contamination from the mould, cores and furnace environment. Thus some effort

has been devoted to the determination of the influence of small 4ifterences in the
! trace element content on the foundry performance and the high teaperature properties of - 4
F Ni-Cr-base alloys to provide a basis for the control of elements found to have a :
E""

Y

detrimental effect on behaviour.

™e urpose of this paper was to reviev certain aspects of the specification and
. A contco ol trace elements Aduring melting and casting with particular ewphasis on the
probless associated with recycled material and to consider the effect on microstructure
and properties of the minor elesenta generally believed to influence the behaviour of
revert alloys.

e g

SPECIPICATIONS POR TRACE CELENENTS

™e increased avareness of the haratful effects of elements such ss Pb, B4, Ag etc on
the high temperature performance of superalloys led in the 1960's to the formulation of
specifications reed between customer and supplier Ciuing neco‘:nblo liuits tfor the
content of individual tcace elements. These specifications have become more stringent
in the interveni yoars as more data have becowne avsilable and this trend i
f1lustrated in Table 2 where the values curcently epecitied by a typical customer are
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shown along with the limits fixed in earlier specifications. A further development has
been the introduction of the concept of the lower reporting limite with the aims of
indicating the presence of significant amounts of impurities within the limits set by
the relevant specifications and curcent values have been included in Table 2. The
downward trend in lower teporting limits which is larqely a consequence of an improved
analytical capability {s illustrated in Table 3 where it can be seen that the limit for
Bi for example has been reduced by a factor of 10 since 1975. Also, the limit tor Ca,
which {t {s claimed can sometimes have & beneficial and sometimes a harsful influence,
is now % ppm but was 100 ppm in 19681, It {s generally acknowledged that many of the
elements 1in question are tregulacrly analysed at concentrations above those ol the lower
reporting limits but, at the amounts usually detected, none even approaches the maximus
specified value. Several of the elements viz Zn, Ga, and Sn are commonly agreed to be
of little concern for control of oroduct quality.

The measures described have provided the basis for the control of deleterious trace
elements but with the {mportant exception of SAE, AMS 2280 for wmilitary aiccraft
applications (Table 2), national specifications for superalloys do not, in genersl,
include coamprehensive limits for {mpurities. This {s {llustrated in Table 4a where
specifications for wainor elewents from typical national standards for an IN100 type
alloy are shown and the most comprehensive from the point of view of impurities which
ate generally recognised as harmful, viz APNOR NK1SCAT, qives limits for Ag, Pb and Bi
only. The corresponding 83 HC204 specification includes limits for only Ag and Pb and
the latter is fixed at twice the AFPNOR value. These specifications apply to both virgin
and revert heats and the levels of elements such as 2r and S{ can readily be wmet during
reverting. Also it will be noted that no limits are 1aid down for control of gases eg
nitrogen and oxyqen and variations in nitrogen content {n particular can seriously
influence the performance of recycled Ni-base alloys. An important feature of each of
the specifications in Table 4a is that stress-tupture tests are required for release
purpgses but only the LW 2.4674 standard includes a test at a temperature low enough
(760°C) to indicate the presence of unacceptable amounts of nitrogen.

The specification for the Chinese alloy K17 which (s similar in cosposition to IN10O

provides an interesting comparison and it can be seen from Table 4b that in this case

limits are indicated for a comprehensive list of trace impuritigs. However the lowest .
temperature for stress rupture testing for release purposes is 900 C.

IMPURITY CONTROL ODURING MELTING AND CASTING

The impurity content of virgin melts can in principle be controlled by choice of raw
saterials and by suitadle adjustment of wmelting practices (6,7,8,29). The trptcal
content of impurities for the major rawv materials used {s shown in Table $ and it can
be wseen that the chief source of {impurities, particularly of sulphur and phosphotous,
is chromsium. Tin occurs in both Cr and Co but, apart from Ga, is the only metalleis
present in any significant amount.

When typical impurity levels froe several casts of certain superslloys with the nominal
composition given in Table 8 are considered it can be seen (Table 6) that for about
twenty casts of Mar M002 the impurities are for the wost part, well below the specified
limits (Table 2). A sisilar conclusion can be reached for the casts of virgin and
tevert 1INT713 LC. In this case only the analysis for Ga, Sb, and Mg approach the limits
and intecrestingly the Pb content of the revert casts has dropped significantly while
the Sn content has increased. This result (s broadly consistent with the findings of
wock (9) to investigste the effect of vacuum processing on the selective removal of
lnpurltto‘ from Mi-208 Cr which showed that Pb could be reduced to - S ppm in one hour
(o

-

at 1560 whereas the Sn content was largely unaffected. Sxamination of the datas i

available for about twenty casts each, of virgin and crevert IN736LC shows that similar |

trends can be fdentified in this satertal also. Some of the differences in the trace ' }
- element content in the various alloys can be attributed to the variations in major T
2 . elesent coapositions and for ezample the somewhst higher concentrations of sulphur in

I1N9)9 and INTIS can be related to the higher chromium content in these alloys.

T™he effect of melting practice on trace elemsent content has been examined for certain
weought alloys and when electro-slag reselting (BSR) was applied subsequent to vacuum
induction wmelting (VIN) for the alloys IN718 and C26) there was no noticeable reduction
in trece element content (10). The use of a high fluocide olaf increased the Pb content

. in alloy C26). Wowever, as Table 7 shows, electron beam melting (BBM) following VIN
significant} teduced the content of Pb and oxygea ia Nimonic SOA (11) and had
sisilar effect on leed, bissuth, silver and oxygen in IN738 (12). There was however
1ittle effect on nitrogen conteat {n the IN738 although some reduction occurred in
Nisonic S0A and any loss of chcosiue was sminissl.

L Revert alloys ace in general characterised by a higher content of nitrogen and in sowe
i : . cases eilicon while, as hae been shown, the smount of aetslloids can frequently be
i L reduced. Typical velues of nitrogen analysies have been included in Table ¢ for vicqin
‘ oo and ceovest casts of the alloys shown and it should be noted that the higher Cr alloys
; i vizs IN9)I9 and IY738 genecally contain larger amounts of nitrogen. In the vacuum selting
of vicgin matecrial nitrogen can be reduosd by ocontcolling the aelting procedure ie by
selting the nickel and chroaium and allowing time for the nitrogen to be evolved beloce
the strong aitride forwers are added. Sowever even under these oconditions the nitrogea
content (o ahout an ordecr of magnitude greater than the value calculated on the basis

. . - - - - —~
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of Sievert's Law (13) for a 208 Cr-Ni binacty alloy, with a 10 um pressure of nitrogen,
indicating that longer hold times would be requited to reach oqu!glbﬂul. Some control
of the nitrogen level in reverted material is possible by careful selection of scrap
and by removing the surface layer from recycled castings since nitrogen contents of
greater than 100 ppm (10,29) have been measured near the surface of cast superalloys.
Silicon contamination results from interaction with moulds and cores and appears to be
associated with small components and with parts cast by directional solidification and
is celatively insensitive to the melting procedure. As @& result of improvesents in
analytical techniques allowing silicon to be determined to - 0.01 wty (10), it has been
shown that revert Mar M002 can contain at least six times as much silicon (0.06 wtd) as
the virgin stock (<0.01 wt®)

THE EFFECT OF RECYCLING ON MICROSTRUCTURE AND PROPERTIES

A characteristic of castings produced from recycled superalloys is the higher levels of
microporosity (14,28) compared with those normally obtained in similar castings (from
virgin heats. Typical data ate shown in Pig 1 and, while the reasons for the high
levels of microporosity have not been satisfactorily established, the stress rupture
propecties of material of this type are reduced. Consequently the tendency has been tc
restrict the use of revert to castings with good feeding characteristics or to use HIP
to close the micropores. The effectiveness of this treatment is evident from Pig 2. In
recent work (13) the deliberate addition of nitrogen to cast carrots of Mar M002 caused
an increase in micrporosity and s drop in stress rupture performance, Pigs 3 and S,
thus providing some evidence to link the high gas contents typical of revert alloys
(Table 6) with the poor foundry performance. This investigation also showed that the
fncrease in nitrogen content was accowmpanied by a change {n the morphology of the MC
carbides which became more blocky in appearance. Significantly {t opesred that, in the
high nitrogen alloys, the carbides had nucleatesd on smaller particies crich in Ti and
probably TiN or TION, Pig 4. The results of subsequent experisents have shown that the
stress-rupture properties of the alloys with high contents of nitrogen were largely
restored to those of the undoped material by s HIP treatment, Pig S. Taken together
these cresults would appear to confirm that the inferior performance of revert alloy can
b: mainly attributed to the incieased microporosity associasted with the higher content
of nitrogen.

Saclfer work on virgin melts of IN100 (1%5,16) also showed thst high nitrogen contents
qave incrcoased microporosity and that Ti reacted with the nitrogen to form nuclel of
Ti(CW). Prom one of these investiqations (16) it was oroposed that contents of nitrogen
and oxygen should each be limited to 1% ppm in IN100. Purther evidence to indicate that
nitrogen content can influence the sorphology of %WC cacbides in IN100 has been provided
by Lamberigts (17) and it was shown that {n sose cases the carbide particles were
enriched in Ti. Mowever, it should be noted that there is evidence that the shapes of
the cardide particles in superalloys can also de influenced by cooling rate from the
casting temperature (18,19). Also, while it is well known that cardbon conteat can
influence the asmount of wmicroporosity (20,21) there is no evidence 3¢ _eignificant
variations fn content of this element Detween virgin and revert melts.

Revert saterial, especially that originating from the directional soliditication
process, often contains an increased amount of silicon within the specification limit
(ususlly 0.2% max.) set ftor the individual alloys. At hijher concentrations (3) Si {s
known to be deleterious to mechanical properties largely through the stabilising of
Laves phases although it is clained that high 81 contents improve oxidation resistance
and weldability. The (nfluence of Si between 0.1 and 0.9% on the microstruture and
properties of a high strength wrought alloy has been considered by Wang et al (22).
Reductions in tensile strength and in ductility were attributed to changes in the
amounts, types and mocrphology of cacrbides and in particular to the formation of a
continuous film of H,C at the grain boundaries. Study (13) of the effect of a
deliberate sddition of Si (0.168) to Mar M002 showed a substantial decrease in porosity
and an increase in the amount of a Wi-uf lntoruunsc which also contained Si and 3r,
Pig 6. This phase wvas taken into solution at 1100°C and it was suggested that the
ceduction in porosity was due to the feeding provided bdy this low mselting-po.at
constituent. It appears that the major influence of 8i may be in increasing the volume
fraction of the Wi-Bf intermetallic and i(n the work of Burke (24) the presence of
lntor smounts of this phase was correlated with the increased tendency to hot tearing
during the directional solidification of revert Mar N200 ¢+ Nf. The Cformation and
thersal stadbility of Mslll in some superalloys has been discussed in some detail by
Yunrong and Yulin (23),

Although there is little evidence to suggest that the content of 3r is increased during
recycling this element remains a potential contaminant {n revert alloy. Recent work by
Radavitch (25) has shown that deliberate eddition of Sr to a complex Wi-base alloy
resulted in a serious deterioration in stress-rupture perforeance. The life to crupture
wae reduced from 105h in the base alloy with no deliberate addition ot 3r to JOh when
0.158 3t was present and this vas accospanied by an increase in microporosity and by
changes in carbide wmorphology. 3r has traditionally been regacded as & benetficial
addition in alloys (3) of this type and further work fe clearly necessary to establish
the gomulm of these findings. Puulluz work, the present authors, with the
deliberate luro of 0.1% 3¢ to Mar %002 ows little change in the strese rupture
properties at 760°C eoﬁuod to the base alloy. It should be pointed out that the use
of rgecycled nmeterial in the casting of esingle crystal parts will give cise ¢to

é
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pacticulac problems since elements such as carbon, nitrogen silicon and sirconium which
will be picked-up during orocessing are not present as Jdeliberate additions in the
viegin material (27).

INPLICATIONS POR POUNDRY PRACTICE

Therte appear to be two principal alternstives avasiladle to enable recycled Wi-Cr-base
alloys to be used effectively in the casting of cosplex parts for gas turbine
applications. These are:

({1} the modiffcation of the alloy composition during remelting
to restore the ainor element content to that of the virgin
alloy)

(i1) control of the investment casting conditions to enable revert
alloy to be used to produce castings matching in soundness
and mechanical properties those obtained with virgin stock.

Bearing in mind the difficulties described in controlling the content of elements such
as nitrogen and silicon, option (i{) above appears the more attractive. Some support
tor this view is provided by the observation that, 4despite the general difficulties
encountered in using recycled superalloy material, there are certain foundries that
clais to be able to cast with high revert ratios and produce sound castings in cosplex
shapes. This experience encourages the belief that adjustment of features of the
casting ptocess itself can have an isportant influence on the soundness of components.
It is well known that casting conditions can be controlled to yleld products with low
levels of micropotosity and evidence has been ODresented to show that low mould
tesperatures can result in increased nusmbers of smicropores (14,26). However
sicroporosity can also be encouraged by sloving down the cooling process by using mould
backing and increased pouring temperatures (26). Consideration of these apparently
contradictory findings has led to the suggestion that optimum casting conditions will
exist Dbetween fast and slov cooling cates which will give small amounts of evenly .
distributed microporosity. Other workers (14) have suggested, on the basis of creep
test cesults, that pouring temperature has an influence on the performance of blades in
Mar M002 cast from ctrevert material. It appears that detailed studies of the
relationship between casting conditions, solidification structure and =microporosity
have been carried out for directional solidification (26) but not t.r conventional
casting, and information of this type would undoudbtedly aid in determining the optimum
casting conditions for recycled slloy.

The technique of ®cross blending®” as wmentioned in a recent paper by de Barbadillo (4)

may provide an opportunity for avoiding some of the foundry vroblems associated with

the high nitrogen content of revert alloy. The example mentioned was the use of scrap

IN713, which contains niobius but no cobalt, along with scrap IN100 which contains

cobalt but no niobium to melt IN738 which contains both elements. The advantage froa

the point of view of nitrogen content is that, even in the virgin welts the amount of i
nitrogen present in the high-Cr alloy IN738 is substantially greater than that reported

for revert IN100. In this way valuable scrap could be recycled without prejudicing

foundry performance.

\.

CONCLUSIONS

1. Specifications, aqreed between customer and supplier are adequate for the
control of wetalloid - type impurities in recycled materials but improvements
are required foc elesents such as oxygen, nitrogen and silicon.

2. Rationsl standards arce qiﬂccallv insdequate for the control of imspurities in
- superalloys and there ie scope for revision to take account of available
< inforsation.

3. Control of -olt£n1 practice and selection of rcav msterials offer some
opportunity for limiting the nitrogen and oxygen content in virgin melts wvhereas
scrap lﬁ?octlon and cross blending appear to be the bdest possibilities for
revert alloy.

4. Incressed nitrogen contents are associated with changes in microstructure and
increased micropotosity in Mar 002 but the number of micropores can de reduced
and ::: cresp pertormance restored by an incressed silicon content or by a HIP

) treatment.

: S. Pucther studies of the relationship between casting conditions, solidification
i structure and wicroporosity are required to provide a basis for optimising the
casting conditions for revert alloys.
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TABLE 1

importa of major alloying elemsnts for superalloys as a

percentage of consumption after Cr\'.wl(m3

-
ux EEC USA
Aluminium 62 62 as
Chromium 100 100 91
Cobalt 100 100 98
Nickel 100 100 72
Titanium 100 100 n.a
Tungsten 99.% 9 52
Niobium 100 100 100
Molybdenum n.a 100 n.s
Tantalum 10Q 100 97
Vanadium 100 99 33
Zirconium 100 100 n.a
n.ea = not available
— it A e L ST T ==
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TABRLE

ahn

Minor and trace eilement limits 1n specifications for INI'X
LWeight per cent except where indicated)

- I
1 11 111 1v v
B A5 dae AMS AFNOR
WA PART 1 L. 2. a674 SI97A
Type VMAL. NK 15CAT
i max max e max . max .0 max
It —
+
i [P [P A NEEI AN 0.61% .01
! nax max max max max
b 1 (AP 6,0 .01 0,0
max ! 1 - 0L - 0,00 0.0
u max O.70 max O, max ns ¢, max
Ag L oppm n.a n.s n.s S ppm
max max
ir ] 0,073 0.0 3 0.03 .03
- " .09 - 0.0 - 0.09 .09
By n.s n.s n.a n.s 0.5 ppm
max
2] i1 ppm n.s 20 ppm n.s 5 ppm
max
n.a = not specified

British Standard:

Aerospace Series Specification for Nickel

base cobalt-chromium-aluminjium-titanium-molybdenum alloy
castings (Co 15.0, Cr 10.0, Al 5.5, T4 4.8, Mo 13.0) HC204:

Pebruary 1973

Specification for Investment Castings in metal Part 3.
Vacuum melted alloys, Type VMA 12.

Hochwarmfeste Nickel-Gu-Leigierung 0.2C~15Co-10Cr-6A1-5Ti-3IM0 IV

BS3146:

Werkstoff-Leistungsblatt 2.4674, March 1981,

1976.

Alloy Castings, Investment, Corrosion and Heat Resistant.
50 Ni{-9.5Cr~15 Co-3.0M0-4.8 Ti-5.5A1-0.015B-0.95V-0.6 Zr.

Vacuum-melted, Vacuum-Cast,

revised 1977,

A.-M.8. S3I97A,

issued 1965,

APNOR designation number NK 15 CAT, Assoclation Prancaise de

Mormalisation,

19-9
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TABLE LB

Nifnior and trace element limits in the specification for
the Chinese alloy K17.
(Weight per cent except where indicated)

Si 8 r B ir Bi ¢4
<0.5 <0.01 <0.01 0.0 0.05 <Y ppm <5 ppm
~0,022 0.09
sb 3n As nn Pe Ag
. % R W
‘ <10 ppm | <10 ppe <10 ppm <0.,5 < n.s

Informetion courtesy of Zhuang-Qi Hu, Institute of Metal Research, Chinese
Academy of Sciencies, Shenyang, China,

TABLE 5

Trace element content of major raw materials used in superalloy production (ppm)}

Material S P Ag in Cd 1Ga |Ti Sn Pb | As 5b Bi Se Te Mg
Rickel, Carbonyl <15 <5 | <t A jcr <« <t | <t < | 1lc.2] <« | <5 '
Elect A ca| << s <o feat{crfcz] 1 [<5]<s{<2]s5]<2] <5 l
Elect B <10 <« S )< < <1 3 <@ <.5l<.5] <1 | <5 ’
Elect C 8 1] 2 < <1 <3 Q| <« <1 <1 <1 ¥
Elect D <2 <.8 3 ,i{crfc2l.T |<slesjc.2jcs5]<.2 !
BEC PPT Lo 2 <@ < <5tk Q) i< fes <2
Cobalt, Elect A 20 134 18 |<10 <10t a <5
Elect B 2 61 <2 | <10 Q0| < | <.5 3 <.5 <5
Elect C <@ 1 {<.5 (<10 2 {<.5 5 b,
Elect D 20 <\ <@ <2 L2 (7100 @2 10
Elect & 6| <3l <@t 13| .20 0| <2 3 <5 3
b
3
Chromium, Blect A $0 30 @ <2 50 <10] 2 3 <% '
Elect B 80 20 <@ <« 100 15 | <@ 3 <5
Thermit A 50 ko{ <2 100 <10} 2 b]<.5 <5
Thermit B 90 (<100 | <2} 10 100 <10 { <2 31} <.5 <5 N
Molybdenus %0 501 <« 5 <10 10 <.5 <10
|
|
el . _.:_. e e——— J
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TABLE 7
fffect of elactron beam remelting on impurity content of =
wrought and a cast Ni-base auperalloy
‘analyats in ppm)
Alloy b o N Mg | oie® ge Ag Bi
-
Nimonic 80A
vin 14 27 56 86 | 0.32 .002 na na
Nimonic 80A
VIM + EBM g 2| 23 13 1011 002 na ne
IN7381C
vVIM 0.6 |12 | 16 [<10 | <,05 | .002 | 0.1 0.1
INTIBIC
VIM o EBNM <. 34 16 {<10 [ <.05( .005 [<0.1 | <0.1
na @ not analysed
. wix
-
TABLE L)
Compusition of high-temperature alloya listed in Table 6
Compos.tion weigh! per cent, balance nickel)
Alloy o Ccr T3 Al o Mo 8 ir L J N HY Ta v
Mar MOO, J.1% @0 1.5 5.5 10.0 0.5 (4,02 2.0% 10,0 - 1.5 2.% - ,
max max '
IN 106 .45 | a0 fas lso 1o 2o | oor Joor] ) B 0.7 ’ b
- n.20 |il.o |59 | 6.0 17.0 | 4.0 0.02 0,09 1.2
- °
L]
« IN 713LC 0.3 11.0 | o.4 | 5% 1.0 3.8 3.00% | 0.0%
1.% - 2.% -
0.7 2o 110 Jen | man | 5.2 | 0.ots [o.1s . Ta ;
IN 738 0.18 16.0 3.5 3.% 8.5 1.7% 0.008 0.08 2.8 0.7 - 1.6 - .
i
Cc1023 0.16 |1n.5 13,6 4.2 | 10.0] 8.5 0. 006 0.2 0.2% - - - 4
f max
f IN 939 0.1% 22.%5 3.7 1.9 19.0 - 0.01 0.1 2.0 1.0 - 1.4 -
t
ponges - 4 ~~—‘r--~ e - . - - - - e -
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Ti nch centre

Fiqure 4. Titanium rich centres in the
"carbides®™ of Mar M002 doped
with 50 ppm nitrogen.

Ni=Ht nch phase

Pigure 6. MNickel-~Hafnium rich phase containing
girconium and silicon in Mar NOO2
i with 0.16 wt ¢ Silicon,
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EFFET DU RECYCLAGE SUR LES STRUCTURES DE FONDERIE
ET LA SANTE INTEANE DE L'ALLIAGE [N 100 : ETUDE DE LABORATOIRE

Sylvie RUPP, Jean RASSOL, Yves BIEWEW

Centre des Matériaux
Ecole des Mines de Paris
B.P. 87

91003 EVRY Cedex - Prance

Gérard LESOULY

Bcole des Mines de Nancy
Parc de Saurupt
54042 RANCY Cedex - France

RESUME : Des lots d'allisges IN 100 "vierge™" et "recyclé” ont €té sélectionnés pardeux fonderies européennes
de supersliiages (recherche europderne concertée). L'étude de laboratoire vise b interpréter les
tendances plus marquées & la microporosité notées par Les fondeurs dans Le cas des lots recyclés
en terme de déroulement de s solidification,

L'analyse thermique différentielle ne montre pas d'écarts dens les teapératures ceractéristigues de
la sotidificetion autres que celles fmputebles aux légéres variations de composition,

Ls trempe en cours de soliditication dirigée permset Ll sesure de grandeurs morphologiques régissant
la circulation du liquide dans Ls zone plteuse venant compenser le retrait de solidification. Des
différences de cindtique de précipitation des phases solides sont observables entre alliages vierge
et recyclé.

Les résultats préiiminaires d'une étude concernant L'slilisge Mar N 002 seront également présentés.
1 - INTRODUCTION

La sicroporosité est un défaut de fonderie dont L'origine est en général attribuée & un dégagesent
de gez lors de (8 solidification ou & une sl imentation insuffisante en Liquide pour compenser Le retrait de
solidification,

Dans Le cas des supersiiisges A base de nickel, s pretique du recyclage entratne une sugmentation
de L8 microporosite (1] et une détérioration des propri¢tés sécaniques des pléces coulées. Les sutres présen
tations de cette session sont d'silleurs en partie consacrées b cette dégradstion du satériau.

Les origines de cette dégradstion sont souvent attribudes A L'sugmentstion de La teneur de L'slliage
on fmpuretés et parsi celles-ci, c'est L'azote qui est le plus souvent cité. Le recyclage s'accompagne, en
général, d'une sugmentation de (8 teneur en aszote de queiques ppm. Ls teneur critique permettant le recyclage
serait de l'ordre de 20 pps ; su deld, le taurn de rebut deviendrait excessit [2].

Une étude comparstive de Laboratoire a ¢té consacrée A La solidification de superailiages aéronau-
tiques de type IN 100 et Mar M 002 vierges et recyclés. La sélection d'un “bon” allisge vierge et d'un "mauvsis”
alliage recyclé a été effectuds sur ls base de contr8les micrographiques ou radiographiques de La microporo-
sité ou sur (s bane d'esssis de fluage-rupture & haute tespérature. La présente étude s'inscrit dens le cadre
d'une recherche concertée européenne COST 30 associant des industriels et des Lsboratoires anglais, beliges
et frengeis.

Cette ¢tude camparative fait essentiellement appel b deun techniques de Laboratoire, L'enalyse
thermique différentielle et La trempe de Lla zone pliteuse solide/Liquide en cours de solidification dirigée,
pour settre en évidence des différences su nivesu du déroulement de La solidificetion et tenter d'interpré-
ter La différence de tendence » La forsstion de microporosités constatée en fonderie.

Pes deux origines les plus fréqueament citées de Lo aicroporosité : dégagement de gaz et difficulté
d'alimentation en Ligquide du retrait associéd & La solidification, c'est surtout le seconde qui a retenu notre
asttention. Les rafsons de ce choin sont (a8 locslisation préférentielle des défauts dans des zones poreuses &
texture dendritioue pouvant stteindre prés de 1 mm de disension et les résultats d'une étude préliainsire sur
le comportement thersochiaique et sur L'analyse de L'azote contenu dens L'IN 100.

2 - ANALYSE ET COMPORTEMENT THERMOCHIMIQUE DE L'AZOTE DANS L'IN 100

Le sdthode anelytique retenue est L'extraction de |'szote per fusion réductrice de L'alliage en
crouset de graphite chouffé par induction et entratnement par un courent d°hlium suivi, dens une deunides
4tape, par un dosage en chramstographie en phese gezeuse.

La veriation en fonction de La tempéreture de (etensur sneiysde est importente (Pig. 1). On peut
estiner ainet 12 tensur on pz0te suprisonnd sous forme de 9oz dens Les pores b moins de 1 ppm, to qui repré-
sente en terse de volume une faible proportion de ta microporosité. L'extraction tetale de L'azote (gazeux,
dissaus et combind) n'est chtenus qu'é partir de 2000°C enviren, asts elle peut Otre facilitée per L'addition
de tiers éléments : du platine en L’occurence.

Les coalculs thermochiaigues prélininsires ont portéd sur Les dquilibres
JLe N =Tin(e 2]
ot s 2w @ {2l
Ils condutsent b estimer Lo tempéroture deo précipitation des nitrures TiN dene L'aliisge IN 100
Liquide b 3000 K ot & prepecer Lo relstion suivente entre La pressien ¢'équilibre d'szete ot (o teneur on

ssote disosvs
Py, © SN i3

o —— e —
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Sien qu'obtenus & partir d'un ensembie de donnédes thermochimiques trés incomplet, ces résultets
de calculs sont en bon accord avec La connaissence de la stebilité de L'azote combiné et dissous déduite des
résultats expérimentaux. Ls feible veleur de la pression d'équilibre de L'szote dans Lles superallisges permet
de comprendre la lenteur de ls cindtique de L'extraction pendent la fusion réductrice.

Une étude thermochimique et cindtique de La dénitruration et la désoxydstion des bains d'sllisges
b base de nickel est en cours & \'Ecole des Rines de MNency et & L'Ecole d'Electrochinie de Grenocble pour
déterainer svec plus de précision Les donndes thermochimiques relatives A L'interaction de |'azote et de
L'oxygéne svec les éléments constitutifs de L'stlisge liquide (31,

3 - CONSIDERATIONS THEORIQUES SUR LA POROSITE DE RETRAIT

Les superallisges se contractent & La solidification, Quand la fraction solide dépasse 0,7 erwiron,
L'alinentation en Liquide pour compenser le retrait ne peut se faire que de facon capitleire b trevers le
réseau interdendritique ou intergrenuleire.

Un pore (vide ou contenant du garz) peut se développer quend se pression interne Pine est supérieure
4 ta somme de L& pression locale du Liquide Py et Le pression dus sux forces capiliaires Fy.

Pint > PL ¢ P |4,

Y
Ls pression interne est,dans le cas du dégagement d'aszote dens les conditions de L'équilibre, relide
4 La teneur [X M) dens Lle Liquide résiduel par ( équation [3).

La pression Locale est d'autart plus réduite que La perte de charge associée b La circulation du
tiguide dans la zone plteuse, ':', est importente :

’l IPOOP.-” |5|

ou ’0 désigne Ls pression extérieure et P. La pression sétatloststique.

Dens un milieu poreux, la perte de charge, dans (s mesure ou la lof de Darcy s'applique, verie

selon la relation suivente :
grad AP = 1.:- v |6]

ou v désigne ta vitesse d'écoulement du fluide, u sa viscosité et k Lo perséabilité du résesu
poreun,

r perndabilité du réseau est reliée aux parambtres morphologiques de L'interface solide/liquide :
fraction 1° et surface d'interface solide/liquide g . Les relations déduites soit de modéles hydrodynamiques,
201t de sesures sur des résesux dendritiques métalliques ou orgeniques [4)(7] sont du type : k ~ (f1)° pour
une densité de dendrites primaires donnéde, et, de facon plus générale :

L 3
L e B {7l

La vitesse d'écoulement du liquide v et la cinétique de forsetion du solide peuvent 8tre reliédes
por L'expression (ocsle du bilan de sassp :

Loeawo'ieo 8]

soft, dens (& messe ou o et cul sont {ndépendants de (8 tempérsture et de (a composition dans (‘intervalle .
de solidification : at® . !
83 *divv =0 19)
ou 8 s (- o"l Io" est {9 contraction lors de Lo soliditication.

La cindtigue de forsetion du solide est elie-nlme régie par le bilan theraique dont |'expression
différe de celle du dilan de essne & cause de (s gindration interne de chaleur latente de solidification, ¥ :

%(1-%.-&)-0 vy “0[

ou a et p désignent respectivement (o diffusivité thereigue et Ls capacité calorique de L'altiage.

Les dquetions |9] et |10} permettent ¢'¢tablir Lo relation suivente entre les divergences du flux "
theraique ot du flux de liguide :

-

-1
|
mt-u.a.%{h‘—“'s‘,"'- R 1114 3

Le calecul du champ des vitesses, puis celul des pertes de cherge,grice & L'dquation 6], nécessite
donc le coaleul du champ des températures et (8 sonnefssernce du dérsulement de s selidifisation.

Le champ des températures pour une pléce de fenderie dennde pout Stre calculé per des aéthodes
munériques, sux différences finfes ou aun éléments finis (TX8], ou per des sdthedes anelytiques dene le =
cos de Lo solidification dirigée {31(9). i

Sans netre dtule comperstive de Lo tendence b L2 micreperesitéd ¢'aliiages vierge et recyclé, nous
svens supposéd que Les Lighres sedifisatione de esmpositiens chiniques diies au recyclage n'entratnaiont que
dos saditications nigligesbles dee champs theraiques ) type de pidee do fonderie ot conditions de coulde
fdentiques. Nous nous semmes denc sttachés b estimer aves précision les consdquences des medifications
chisiques de 'slitege our (o @ireulensent altaliurgique de se setlidificetion coractéried per ;

- un pereattre sorpheiegieus, e permdabitite (140!
= un perambitre cindtique de retreft, § . % . [1 - -&ﬂ preportionnsl & La contraction

de Lo 2ene ptouse ot b (o vitesse de refreidicsement instentande.

Con doun greandeurs jousnt on offet un rile priviligié dans Lo eontrBle de L cireulation du Liquide
7'1':7':3“ do Lo 2one plteves conme e santremt respestivensnt les équatiens |6 ot !7T d'une port, L'équetien
autre pert.




e —— ¢ e e - B ——

203

4 - TECHNIQUES EXPERIMENTALES

Un "bon" allisge vierge et un 'mauvais” silisge recyclé ont ¢té sélectionnés par les fonderies de
superalliages partenaires dans le progremme COST. Les metérisux se présentent sous forme de rondelles décou-
pées su milieu de Lingotins ou de “carottes”.

Une dtude macro et microscopique Lommeire des aliisges montre une rone équiaxe plus importante dans
le cos de L'alitage recyclé, les grains stant plus 1ins que dans L'atliage vierge. Une étude sétallographique
plus fine de ces matériaux est réslisee par les eutres laborstoires partensires.

La teneur on éléments majeurs diffdre peu ot parsi les impuretés c’'est surtout la tensur en azote
qui sugmente, en doublant pratiquewent (Tableau 1).

L'anslyse thermigus différentisile a été eftectude & différentes vitesses de chauffage ou de refroi-
dissement TFlg. 1). Les templratures de précipitation sont obtanues par extrspotstion & vitesse nulle des
quatre ou cing valeurs dans un disgremme température/vitesse (Fig. J). Ls validité de cette procédure » été

établie sur le liquidus des métaux purs nickel et or. ]
Le_trempe de_La zone_plteuse en cours de soliditication dirigée est effectude sous argon ou sous

vide. Le wltal contenu dans un tube d'alumine est chauffé per induction et refroidi & son extrémité infé- 1
rieure par une circulation d'esu (Fig., 4). La vitesse de tirage est constante et (a trempe n'est déclenchée
qu'sprés tirage d'une longueur suffisente. Le vitesse de trempe (de L'ordre de 10 K/3) perwet de figer L'inter-

face solide/liquide.

Aprés treape, le barresu est d'sbord sectionnd longitudinslement et poli. Le repérage des tempéra-
tures se fait A partir de L'enregistrement du profil thermique pendant La solidification. L'écart entre (a
tespérature :orrotoon?cnl su sommet des dendrites et le lLiquidus (A.T.D.) est faible (Fig. §/. Le sesure de
la fraction liquide f et de 8 surfece spécifique d'interface 0 sont obtenues b partir des sections
transversales aprés polissage et attague Kalling, Comme les analyseurs sutomatiques d'images ne psuvent pas
diftérencier la structure de trempe de celle de la solidificetion, il est nécessaire de redessiner sur papier
calque L'interface photographiée & un grossissement 23 /Mg, §/. L'snalyseur d'imeges du type T.A.S. calcule
{es grandeurs sorphologiques tl et o ear une succession d'upérstions morphologiques sur image digitalisde,
On estime & ¢ 0.05 La précision sur t° et & 20 X La précision relative sur o.

Il est certain que les structures basaltiques obtenues par treape - cours de soliditfication
dirigée ne sont pas directement comparsbles sux structures habituellement équisxes observables dans les
pidces obtenues en fonderie de précision, IL est certair par silieurs que les conditions de refroidissesent
du edtal sont différentes. En fonderie équiane de piéces de type sube, le gradient thersique est en général

plus faibte, alors gue la vitesse effective de croissence du solide est plus forte (du fait du nombre 1
élevé de grains) que les valeurs correspondantes {mposées en solidification dirigée. Le temps (ocal de soli-

dification (T, - Te3/(G.V), de L'ordre de 1500 s (pour U'IN 100) dans les conditions Les plus fréquesment 4
ut it isées dane cciu étude, est en général supérisur sux temps mesurés en fonderie [7]. Cecl se traduit s

ntveau de 1a microstructure des allisges solidifiés par une tailie plus importente de L'espacement inter-
dendritique secondaire et des carbures per rapport sux conditions industrielles. Maigré ces différences
importantes entre (a structure du sétal could en fonderie et celle du métal trempé en cours de solidifica- i
tion dirigée (7.5.0.), la technique de T.5.0. permet de révéler des différences morphologiques (L ot )

ot des différences cindtiques (df%/dT) entre allisges b conditions de refroidissement identiques. Le postulat
de cette étude est que les différences observées ici en solidification dirigée correspondent & des différen-
ces snslogues, sinon identiques, effectives pendant la solidification équiaxe des pidces coulées en fonderie
de précision,

S - RESULTATS EXPERIMENTAUX

S.1. Analyse thermique différentielle

Les températures de iiguidus, de formation des carbures primsires, de précipitation eutectique v/y'
et de solidus sont reportées sur le tableun 2. Les faibles diftérences notées entre allisge vierge et recyclé
peuvent s'interpréter en fonction des faibles différences de composition et des variations correspondantes
de ls température de ligquidus, estimdes empiriqueaent b pertir de La foreule de Cook et Guthrie (10](cette
forsule ne tient pes compte des teneurs en impuretés des allisges). L'intervalle de solidification T -T¢,
est dn ('ordre de 75 X pour L'allisge vierge et de 90 K pour L'allisge recycléd.

Les thersograames des alliages IN 100 montrent parfois deun pics carbures distincts, ce phénomiéne
sesble plus fréguent pour Lles alliages recyclés.

L'snelyse morphologique de La structure dendritique o été effectude sur trois barresux (deux élabo-
rés b pertir de L'sllisge vierge, un b partir de L'alliage recycld).

L'évolution de Lo fraction Liquide £ en fonction de la température montre une rupture de pente
corrospondant b la précipitation des carbures environ 20 K sous (e Liquidus. Pans cette représentstion, "
est plus faidble dens Le cas de ('alltege recyclé (Pig. &) : 'écart semble significeti?! su vu des précisions
ostindes.

(V] uﬁu’ spécifique d'interfece 0 présente des évolutions trés proches pour Les trois aliiages,
svec un seximm b ¥ « 0,83 (Pig. 7), slors que La valeur fdésle pour le contact des sphires sersit de 0,7
orwiren.,

1L ddcoule de sos comperatsons que Lo peradebilité spdcitique, (12)°/a%, est wperioure pour un
slas écart de température b Lo température ¢o Lliquidus dens Le cas des alliages vierges (Fig. 8). &n feit,
cotte représentation conduit & tirer des conclusione Mitives et {{ est plus judicleux de comparer les
stifages & un nlne “Desetin theraigque” donnéd. Le *Desein thersique” ou quentité de chaleur & extraire pour
posser do 1% = 0 ) 1% peut Stre exnpried por 1

*neg, (1= |2}
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Par la suite, nous svons adopté une valeur de 3000 cal/mole pour H et une veleur de 10 cel.mot"t !
pour cy. En fin de solidification, c'est-d~dire pour des "besoins thermiques” de plus de 2000 cel/mole, le
pmo.Bum de le structure dendritique de solidification b La circulstion de Liquide est Légirement supé-
rieure pour Les échantillons solidifiés & pertir de L'alliage vierge (Pig. 9).

Ls deuxitme grandeur contrBlant le formation de la microporosité, celle Lide & Lo cindtique de
croissance du solide : _ 4’ {‘ M PYLRS)

7 T

a ¢té calculée & pertir des courbes tracées sur Lla figure 4. Cette grendeur, qul permet de comperer Le champ
des vitesses d'écoulements du fluide, est en général plus élevée dens Lg cas de L'ellisge recyclé (Fig. 10).

Les comparaisons présentées sur les figures 9 ¢t 10 laissent prévoir une perte de charge plus élevée
pour {'écoulement du Liquide A travers la structure de sotidification pour L'allisge recyclé. Ces résultats
de laborstoire, bien que L'écart entre Les valeurs expérimentales comparées soit souvent du sdme ordre que
les incertitudes sttachées sux mesures, semblent apporter une explicstion de (s propension plus marguée A La
microporosité pour (‘allisge recycle.

1L convient de répéter cette comparaison sur d'autres couples d'sliisges et aussi de s'intéresser
sun phases mineures qui précipitent & Ls solidification, les carbures essentiellement, avant de conclure b
Lla généralite de L'spproche proposée.

S.). Cbservations sur_la précipitation des carbures

Au cours de cette ¢tude, la morphologie des carbures n's pas ¢té étudiée avec autent de détail
que dens les traveux de nOs partenaires du programme COST 50 qui concluent & une morphotogie plus massive
des carbures dans (‘atiiage recyclé (coulées industrielles).

bans Les solidifications dirigées (7.5.0.), la taille des cerbures approche 10 um et Leur morpho-
logie est "massive”. Lo taille ¢levée des carbures dans les slliages solidifiés su laboratoire par repport
4 celie sesuréde dans Les pidces de fonderie est une conséquence des différences déjd sent fonndes entre la
fonderie équisxe et La solidification dirigée au nivesu du gradient et de (s vitesse du "front” de solidi-
fication (§ 4),

bans le but de savair si, dans les conditions du Laboratoire, L'influence du recyclage sur Ll
morphologie des carbures n'était pes sasquée par L'influence d'impuretés spportées par L'argon su cours des
solidifications unidirectionneiles ou par le choix d'une vitesse de tirege trop fatble, de nombreuses 71.3.D.
ont ¢té effectudes en variant La vitesse de tirage de 0,5 & 8 mm/un sur ('allisge IN 100 vierge. Cela n's pas
fait sensiblement varier la fréquence de formation de carbures de forme élancée, dite en écriture chinoise
(Fig. 58). Le passage de la soliditication sous argon & (a solidificatfon sous vide n’'s pas non plus eu
d'effet sensible sur Ls microstructure des carbures. Une étude plus fine de la morphologie des carbures est
en cours pour mettre en évidence une éventuelle corrélation entre densité de micropores et morphologie des
carbures comme cels » ¢té avancé par différents suteurs (1], ,

6 - RESULTATS COMPLEMENTAIRES AVEC D'AUTRES ALLIAGES IN 100 OU Mar M 002

6.1. Allieges_IN 100

Une ¢tude svec un autre couple d'allisges IN 100, vierge et recycls, sélectionnés par une deuxiéme
fonderie de supersliiages montre les mlees varistions su niveau des courbes fL (1) entre atlisge vierge ot
recyclé (Fig, 11’ que celle déjs mise en évidence sur la figure 6, !

Ce deuxidme enseable de résultats conforte L'hypothése que La tendance b |3 microporosité et le
forme de L'évolution en fonction de Lo température de Lo fraction solidifiée sont Lides. 1l conforte donc
LYinterprétation théorique simplifiée qui 8 ¢té donnée en terse d’'écoulement du (iquide dans (a structure
dendritique.

Quel est le mécanisne responssble du changement d'allure des courbes fl (1) sprés recyclage de
U'sliioge 7 L'szote ent L'élément Lo plus “suspectéd” : il est susceptible d'affecter (a composition des
corbures (12](13) et le partage des éléments entre solide et Liguide. Une fois connu Le coefficient de
partage entre Liquide et phases solides (v, carbures) et (e reletion entre le température et la composition
du Liquide b L'équilibre, il est possible de cotculer 12 (T) on faisant des hypothéses sur la diffusion des
¢léments dons Lle Liquide et Le solide [31(14]. De tels calculs sant en cours dans le cas du recyclage mais
sucune conclusion ne peut encore #tre avancée. ’

6.2. Alliages Mar #_007 R
bes allisges, vierge et recycléd, ont été sélectionnds et ont fait L'objet d'études de Laboratoire
sinilatres & celles décrites pour L'IN 100,

Les deun atlisges éctudids en A.T.0. et T.8.0. sont trés peu différenciéa, Les courbes fraction
(iquide on fonction de (s température en particulier sont trés proches (Fig. 15). Bans ce cas, on n'a pas )
de grende ditference de tendence & la formstion de microporosités asssociée asu retrait de solidification } r
ontre sliieges vierge et recyctéd.

7 - comcusion

Les technigques de Leboratoire utilisbes semblent cepehiles de différencier Le déroulement de la
solidification d'un sliiage recyclé dans Lo cos des IN 100, meis pes dans Lo cas des Mer A 002. En fonderie,
L'enpérionce industrielle seuble conclure & une meilloure sdeptatien du far N 002 que de L'IN 100 su recyclage.

5t somblie donc que Les dtudes de Laboreteire, en pertioulter celles de Lo merphologie d'interface
s/h, fournissent un indice fidile de Lo tendense b Lo aicreperesité pour deux allisges u nlne type, setls
dittérente seulement par Lo fait d'avolir 6té recyclé ow nen. L' interprétation appertée ici, on termes ¢'hydro-
dynenique dans Lo sene plteuse en fin de solidification, conplite colle propesée per d'eutres auteurs (3X151.
Il taporte suss! de tenter de rapprecher cette interprétation des cerrélotions micreporesité/micrestructure
ot dos résultats ¢'anslyse des carbures por une sesdélisation des réactiens de soliditiestien.
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TABLEAU | : COMPOSITION CHIRIQUE DES ALLIAGES *
: IN 100 ]I IN 100 'T Mar MOO2 :
i Premidre nérie | deuxidme série 1 i
| | [ 1 I |
Vi ] & R 14 v 16
erge L ecycl L Vierge 1 ecyc | jerge 1 Recyc i
| ¥ T T ] 1 | |
[ (IS 2R S| 0,16 % | 0,18% | 0,16 ¥ | 0,13 % | 0,16 % |
| ! t | ! f | |
P | 9,74 i 9,69 | 9,28 | 9,30 | 8,9 | 9,11 |
o2 | [ [ [ | |
| WMo | 3,0% | 2,99 } 3,00 | 2,97 | - | - |
! | | { | | | |
| v I 0,9% | 0,9% | 0,81 | 0,77 | - | - |
| 1 | i | | | |
I T | 4,6a | 4,64 | 4,72 | 4,38 | 1,31 ! 1,52 |
| { | ] | | | |
I AL 1 s,e9 | 5,39 | 5,54 | 5,59 | 5,59 | 5,54 |
1 I | | | | | i :
| o | 1%,00 | 14,9 | 14,44 | 14,12 | 10,1 | 10,09 1 )
| ] | I | | ! | :
| s | - | - | - | - | 2,74 | 2,68 | b
1 | | | | | | | ; -
[ | - | - | - | - | 10,2 | 9,91 } !
| | | | I | | | ',
I wr - | - | - | - | 1,64 | 1,61 | ;
i ! | | | | | | :
| o | 8 ppm | 4 ppm | s ppm | 6 ppm | S ppm | |
o2 I | i . | !
. W, | 4ppm | 10ppm | Tppm | 17ppe | 6Gppm | 13-16 ppe | . :
} | | ! i 1 | | :
@
® Les alliages IN 100 deuxidme série et Mar 002 ont été
utilisés pour les résultats complémentaires.
)]
1 .
1
1
3
\ i
TABLEAU 11 : VALEURS MOYENNES ET ECART TYPE () ESSAIS) DES TEMPERATURES i
CARACTERISTIQUES OE L'IN 100 PREMIERE SERIR
]
]
' i
a | T I [ }
PO | Alliage | N . | Te | Ts e | .
| I N | C {
* + | ] ¥ ! . 1 |
! | Vierge | 1322 2 f 1306 2 | 1248 ta | !
, | { | | !
¢ | | | | b
| Recyclé { 1322 t2 | |
. i | | I |
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WISE EN OEUVRE DE SUPERALLIAGES Ot REEMPLOL EN FONDERIE DE PRECISION

M. LABERIGTS, Chef Sce Adjoint, C.R. M., Rue €. Solvay, 11 - B 4000 LIEGE
J.M. ORAPIER, Chef de Secteur, F.K., Division Formital, B 4400 NERSTAL

Le recyclage des chutes de fonderie ne se Jjustifie pas uniquement par la
crainte de difficultés d'approvisionnement en matiéres premidres métalliques ou par
le souc! de préserver les rdserves naturelles relativement limitées pour certaines
d'entre elles : {1 s'impose au fondeur pour minimiser ses colts. Le ncychr peut
cependant conduire 8 une détérioration de la propreté métallurgique des superalifages
de fonderie de précisfon et & une certaine contamination chlni?«o pouvant #tre dom-
mageable pour le comportement en service des piéces moulées. I1 ne peut donc dtre
introduit qu'aprés contrfle soigneux de toutes ses conséquences.

L'¢tude vise & évaluer 1'influence du recyclage sur la composition (&1éments en
traces), le comportement & la solidification, 1a microstructure de coulée, et les
propriétés mécaniques d'emplot de divers alliages de nickel tels 1'IN 100, 1'IN 738
et le Mar-M-002 ouv de cobalt, par exemple le X 45 et le Wl 52, Elle met un accent
particulter sur le contenu inclusionnaire et sur 1a tendance & 1a microporosité. Dans
ce dernier domatne, elle &value )'incidence technique et économique d'un &éventue!l
cycle de compression isostatique 3 chaud.

INTRODUCT1ON

Malgré de nombreux avantages actuellement bien connus, la fonderie & modéles perdus pour applica-
tions aéronautiques doit chercher 1“ nles d'une meilleure économie des matiéres mitalliques qu'elle
utilise. Certaines &tudes récentes %7 conduisent en effet 4 penser que les pléces en alliages de
nicke) ou de cobalt moulées de précision sux Etats-Unis au cours de 1'année 1976 ne représentent gque
39.63 du poids de métal effectivement consommé en fonderie. Compte tenu du rendement global de 1'élabora-

. :‘”J‘x‘; ces allfages, la part vratment utile des matidres mitalliques mises en oeuvre n'est su plus que

.83,

Les tentatives de récupération de la plus grande part possible du solde se justifient sutant par sa
valeur intrinséque que par les possibilités d'épuisement de certaines ~tserves naturelles ou le danger de
difficultés d'approvisionnement que pourraient susciter des remous politiques dans les pays producteurs
ou des mouvements spéculatifs sur les marchés de matidres premidres.

Une telle récuplration sans déclassement implique que les chutes de fonderie ou d'aciérie & recyc-
Ter respectent certaing critéres de qualité. Pour ce qui concerne la fonderie de précision, 11 ne peut
s'agir que des parties les plus propres des masselottes et de certatnes ptlices rebutées pour non confor-
mité dimensionnelle ou pour d'asutres raisons n'affectant pas 1a qualité mitallurgique de |'allfage. Ces
chutes sélectionndes dofvent dtre réexpldites & )'actériste qut les utilisera pour #ladborer des couldes-
m7es partiel lement ou twmt recycldes en les soumettant 4 des procédures permettant d'en garantir
Ta propreté mttallurgique'™’.

Il est évident que les fonderies qui sont arrivies 3 dominer les problémes 1iés su recyclage de
Teurs chutes, tant dans leurs aspects métallurgiques que dans ceux de )’‘organisation interne ou de la
gestion, se présentent sux clfients dans une position concurrentielle avantageuse. Les colts 1iés 3 Teurs
spprovisionnements en alliages pevvent en effet dtre considérsbliement réduits.

Le recyclage des superalliages pose cependant d'importants problimes technigques. 11 conduit en
effet géntrsiement § une 2 tation de la teneur en goz (azote et oxygine), en ratson de certaines dif-
ficultés d'affingge 3 la refusion, et en fonction de 1s qualité des chutes de fonderie ou d’aciérie réin-

rées & 14 charge. Le recyclage tend loment & » ter Yos teneurs en silicium et en zirconium, par
suite d'une contamination des chutes de fonderie par les moules-carapaces. 1) présente en outre un danger
d's tation de la teneur de certains &l0ments en trace (81, Pb, Fe,...), par suite de 1'dventuelle
utilisatton de poudres exothermiques. Enfin, 11 tend 3 suymenter le contenu inclusionnaire, malgré les
nosbreuses précautions prises en aciérie et en fonderie pour lutter contre ce défaut.

AP P

»

Le but de s présente communication est de faire #tat de 1'expirience acquise & 1a Division Formb.
ta! de la Febrique Nationale sur Ve recyclage de divers alliages de nickel ou de cobait utilisés pour Ve
développement ou la febrication ¢’'avbes de turdines & gaz séromeutiques ou fndustrielles. Elle aborde
successivement |'exomen des consbquences dul)urﬂ?m ot pratiques du recyclage et 1a critique des
resddes susceptibles d'en supprimer ov d'en atténuer les effets néfastes.

CONSEQUENCES DU RECYCLAGE
s. Composition et cosportement § 12 solfdification

11 est Tomant admis qu'une bonne part das contaminations chimiques dont les chutes de fonde-
rie sont e s18ge %o trowvent concentrées av voist {amidist do lour . C'est notomment e cos de
1'1ngfsireble enrichissement on szote qui risque ¢'8tre plus important Tersque las chutes sont comsti-
tubes @0 piices rebutées § grands surface spicifique plutdt que de mestelottes ou de barveaux d'alfmenta-
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tion plus massifs. Une telle concentration superficielle est également constatée pour Tes éventuelles
sugmentations des teneurs en silicium et en zirconfum pouvant dériver d'interactions entre le méta)
Viquide et le moule-carapace de premidre utilisation.

D'autres contaminations provenant de 1'utilisation de poudres exothermiques sont asu contraire
concentrées au niveau du cOne de coulde et peuvent Rtre &liminkes par simple étitage de celui-ci.

La Figure | confronte & titre d'exemple les teneurs en azote et en fer de quelques coulées-mires
d'In 100, partiellement (S0T) ou totalement recyclées, de diverses provenances d celles de coulées vier-
ges comparables. Les distribytfons de ces teneurs sont assimilables 3 des lots normales pour les coulbes-
mires vierges, indiquant qu'elles proviennent d'un lot statistiquement homogine. Celles des coulles recy-
clées en sont suffisamment #loigndes pour qu'on puisse conclure 8 la tendance ’lobalo 3 V'enrichissement
introduite par le recyclage proprement dit. Cette tendance est relativement faible pour )'azote, puisque
le seul) de signification du test de Kolmogorov-Smirnov utilisé pour la comparaison des deux populations
est de 0.124 ; elle est par contre beaucoup plus nette dans le cas du fer (seufl de signification iInfé-
rieur § 0.01).

L'existence de telles tendances & la contamination chimique doit &tre considérde dans son aspect
statistique global et n'implique évidemment pas que toutes les coulées recyclées sont individuellement
enrichies en azote et en fer par rapport & n'importe quelle coulée-mire vierge. 11 existe des coulées
recycliées particulitres nettement meilleures & cet &gard que 1a plupart des coulles vierges.

Ces tendances laissent cependant entrevoir la possibilité de modifications du comportement & 1l
solidification pouvant affecter la microstructure finale des pidces coulées dont lTes conditions de fabri-
cation devratent peut-dtre &tre modifiées pour en assurer la qualité métallurgique.

La Figure 2 compare & ce propos les moyennes des températures de transformation mesurées au refroi-
dissement & 15°C/min depuis 1'état liquide pour des groupes de coulfes-mires vierges ou recyclées de
divers alliages de nickel fréquesment uttlisés en fonderie de préciston pour applications aéronsutiques
{René 77, IN 100 et Mar-M-002). Compte tenu de 1a dispersion naturelle de telles mesures, les différences
de comportement observées entre qualités de matidres sont trés faibles et souvent sans aucune significa-
tion statistique. L'observation la plus intéressante qu'fl est possible de faire ) partir de cette figure
est que le recyclage n'entraine pas nécessairement 1'8largissement de 1'intervalle de solidification
(différence de templrature entre le liquidus et 1a transformation eutectique), souvent considéré comme un
woyen d'évaluation de a tendance naturelle des alliages & 1a microporosité.

b. Microstructure,

A conditions de coulée &gales, le recyclage des supeull(vg’ de nickel peut induire une nette
alteration de la distribution des carbures observés sur pidces ' '~ '/, Cette tendance, égelement mise en
tvidence pour le Mar-M-002, est $1lustrée aux Figures 3 et 4 dans le cas de 1'IN 100. Elles comparent
respectivement les distributions granulométrique et morphologique des carbures observés le long d'une
coupe particulitre d'aubes moulfes dans des conditions fighes su moyen de trofs coulées-mires vierges et
d'une coulle-mire recyclée & 50%.

Ces figures donnent en fait les enveloppes des courbes de distribution individuelles détermindes
par métallographie quantitative sur plusteurs subes pour chaque coulée-mire. Elles fournissent de ce fait
une 1dée de 1a précision des mesures et partant, de la signification statistique des différences obser-
vées,

11 decoule de leur examen que le recyclage favorise la coalescence des carbures, puisqu'il conduit
4 déporter vers les grandes valeurs les courbes de distribution de leurs tailles (S représente la section
droite des carbures dans le plan de coupe mbtallographique) et de leurs facteurs de forme S/P? (définis
par le rapport de la section droite auv carré du périmitre; ce facteur est nul dans le cas de carbures
{déalement effilés et vaut 0.0796 dans le cas de cerbures parfaitement ronds).

Contratrement 3 ce qu'on pourrait penser, Cette lvoluuon(” ls distribution des carbures ne semble
pes correspondre & une altération de leur composition moyenne'~’. Les analyses chimiques quantitatives
locales effectuées au moyen d'une microsonde équipant un microscope électronique & balayage montrent en
effet que les teneurs des é¢léments constitutifs principaux des carbures forment des groupes homogdnes
indiscernables en fonction de 1o qualité de 1'alifage IN 100 utflise, (Figure §).

11 faut cependant insister sur la délicatesse de telles mesures qui risquent toujours d'dtre infly-
encées par des effets de metrice, mime lorsqu'elles sont limitées aux plus s des carbures observés :
1a teneur en nicke)l estimfe pevt en effet atteindre des valeurs trés &levées (jusqu'd B8%).

Une autre caractéristique structursle risquant d¢'Otre affectée par le recyclage est le taux de
microporosités présentes dans la structure. Ls Figure 6, relative & une sube rotorique de turdine adro-
nautique coulée en alliage IN 738 C, montre en effet que le recyclage risque globalement d'augmenter le
taux de rebut pour ce genre de défavt.

11 faut cependant se garder de penser qu'fl s'agit 14 d'une tendsnce indluctable, dans la mesure od
certaines covldes-abres entidrement recyclées peuvent présenter des comportements ¢ rables ou mime
suplrieurs & celut de 1o plupart des couldes-vierges. C'est ce que montre 12 w i classe des
coulées-mires d'IN 100 vierges <! 16es § 50% ou 100% en fonction du uaux de t pour microporosité
dans o cas d'avdes particul féres . Los deux qualités d'allfages n'y paraissent pas vraiment discerna-
bles 1'une de 1'sutre, mbme si los meflleures carectiristiques de santd interne sont obtenves dans le cas
des covlées-vierges.

Le recyclage n'entrsine donc pas nicesssiremmt wne tion de la santé interne, meis doit
plutdt Otre considéré comme wn facteur d'aggravation posstble de difauts en relation directe avec certal-
nes carectéristiques du compertement & 1a solfdification. Dens le cos @@ V'IN 100, 11 est par exemple
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“‘bllsf‘“‘ 1a tendance & la microretassure et la fraction volumique des carbures augmentent en mime

tomps : pour une sube particulidre, cette fraction est d'environ 1.3X pour les meiileures coulées-

mires et de 1.7% pour les plus mauvaises. La densité moyenne des carbuns.fst #galement plus &levée pour

les coulbes-mires & forte tendance ) h_’icroretusun (environ 1200mm “) que pour les meflleures ou

celles de qualité moyenne (environ 800 wm ).
Ce qui vient d'8tre dit pour le taux de microporosité peut pratigquement &tre répété en ce qui con-

cerne le contenu inclusionnaire. La Figure 8, relative 3 une pidce structursle en alliage de cobalt

W1 52, montre que le recyclage qui, dans ce cas, n'affecte pas 1a fraction volumique inclusionnaire, peut

dtre la cause d'une sugmentation de la tefile des inclusions du type sulfure, Oans le cas des clfuqu

contenant certains &léments trés réactifs, le risque de présence d'inclusions d'oxydes augmente avec le

recyclage. Cela est 1llustré & la ngre 9 montrant une inclusfon d'oxyde de Hafnium présente dans une

coulée-mbre de Mar-M-002 recyclée & 50%. De telles inclusions peuvent provenir de la réduction par le

Hafnium des réfractaires utilisés lors de 1'¢laboration ou de la refusion, voire de ceux qui constituent 3

les moules-carapaces employés en fonderie, Leur grand inconvénient réside dans le fait que leur finesse . .

et leur densité les rendent pratiquement indétectables par radfographie X.

On peut cependant se demander si de telles finclusfons filiformes risquent vraiment d'étre préjudi-
ciables aux pronriétés d'emplof.

¢. Propridtés d'emplof

Les altérations de composition et de microstructure favorisées par le recyclage des superalliages
utilisés en fonderie de précision pour applicetions aséronautiques peuvent laisser craindre une certafine
dégradation des propriétés finales d'emploi. Les Figures 10 et 11 montrent cependant qu'une telle crainte
n'est pas fondée dans le cas des propriétés de tractfon & templrature ambiante mesurédes sur un grand
nombre de coulées d'IN 738 C ou d'IN 100 & teux de recyclage variable entre 0 et 100%. A quelques excep-
tions prés, par atlleurs indépendantes de la qualité d'alifage considérée, la plupart des coulées-mires
satisfont en effet aux exigences des spécifications en vigueur, pour les applications visées. La Figure
12 pour laquelle chaque point expdrimental caractérise une coulée-mére, montre que Te recyclage ne peut
#tre tenu pour responsable que d'une baisse quasi négligeable du niveau moyen des propridtés ou d'une
trés léghre augmentation de leur varfation de coulée-mire § coulfe-mire.

Las Figure 13 montre par aflleurs que les crafntes de dégradation systématique des propriétés de E -
fluage-rupture de 1°IN 738C sont également Injustifites. S1 certaines coulées-mires recyclées peuvent en :
effet paralitre plus faibles & cet &gard que Tes vierges, la plupart d'entre elles satisfont cependant aux
extgences des splcifications. La Figure 14, construite sur le mime schéms que la Figure 12, montre
d'atlleurs que dans le cas d'éprouvettes d'IN 100, le dcn?er de radatfon existe principalement pour la 4
durée de vie en fluage-rupture 3 température modérée (760°C/585MPa). b

REMEDES PROPOSES COMTRE LES DEFAUTS INTROOUITS PAR LE RECYCLAGE. i !

Ce qui précéde indique que le risque de dégradation introduit par le recyclage concerne plus le
taux de microporosités et le contenu inclusionnaire que Tes propriétés mecaniques d'emplol des pidces
coulées. C'est donc sur ces caractéristiques de santé métallurgique que les efforts d'amélforation doi- !
vent principalement porter, '

€n ce qui concerne les microporosités, 11 y a tout d'abord lfeu de contrller strictement la compo-
sition chimique des coulles-mires partiellement recyclées au niveau de tous les &léments en faibles
teneurs ou en traces qui peuvent exercer une certaine influence sur la solfdification dendritique et 1a
précipitation evtectique (Si, Ir, Mf, N,,...). Cel objectif peut &tre approché par une sélection soi-
gnle et un condittonnement approprié des “chutes de fonderie & recycler, de facon & éviter les contamina-
tions par les réfractairves utilisés pour 1a refusion et 1a coulde ou par d'éventuelles poudres exotherwmi- i r
ques. .

Les observations rapportdes plus haut sur les relations entre la précipitation des carbures et le
taux de microporosités dans des subes mouldes de précision en ellfage IN 100 suggirent d'étendre dans
certains cas ce contrble de la composition chimique & tous les &léments carburigénes (C, T, Nb, Mo,
Cr,...) pour minimiser la fraction et la densitd des carbures. 11 y surait cependant 1ieu de confirmer et
e pmi'ur ces relations structure-santd mitallurgique pour lforer 1'efficacité de telles actions
correctrices.

1)

De toutes facons, les procldures de fusion, d'affinage et de coulée en aciérie doivent #tre adap-
thes pour tentr compte des caractéristiques et des besoins particuliers des coulées recyclées. Dans ce
hln.. 'l‘" colladboration technique approfondie s'impose certaingment entre les fondeurs et les &labora-
teurs d'allfages.

Dens e cas o0 les précautions précédentes ne permettent pas d'éviter que le recyciage induise une P
ditérioration de la senté mitallurgique des pidces coulles, 11 est toujours possidle de soumettre ces
dernidres J une compression fsostatique & chavd. Un tel treftement est ”":tinnnt bien connu pour son
sptitude & résorder les microporosités et les microretassures de coulde ‘'),

I1 faut cependant prendre soin de hien adapter les conditions de cycle aux caractéristiques mital-
lurgiques perticulidres du mital traitd, pour Sviter d'y Induire des perturbations structursies dventuel-
lement {rrécupirables. La tempirature de palier est § cet dgard le premier paremitre 4 ajuster. I1 est

lompnt adnis qu'elle doit Stre chofsie entre le gomms prime solvus ot le solidus, pour permettre la
srasture focile des pores sous l‘uuc”r 1a pression extérieure, sans provoquer la fusion commencante
ou les distorsions des plices traitles . Lo Figure 1§ domme, & titre ¢'fllustretion, les moyennes de
ces templratures de transformstion mesurdes au cheuffage 8 vitesse comstante (18°C/min) pour diverses
coulfus-nlives vierges ov recyclées des allifages fond 77, [N 100 ot Mar-N-002,

11 est copendent faportant de faire une nette distinction entre les allfages qui ne peuvent dtre
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utiltsés qu'aprés un traitement thermique comportant une mise en solution et un viel)llissement et les
autres, utilisables directement. Pour ces derniers, la microstructure du produit sers donc celle qui
découlers du cycle de compression uo:utlTn & chaud et certaines précautions doivent dtre prises pour
en préserver les caractéristiques essentielles.

L'homogéndité de la précipitation gemmes prime implique tout d'sbord de dissoudre entidrement cette
phase au chauffage ou pendant e meintien 1sotherme. Dans les cas ol 1a prisence d'une faidle fraction de
particules primaires est souhaitée, la tempéroture de palier doit au contraire se situer légirement en-
decd du gasme prime solvus. Compte tenu de ces remarques et des températures de trsnsformation moyennes
indiquies & la Figure 15, la compression fsostatique & chaud de 1'IN 100 s'effectue habituellement 3
1220°C et celle du Mar-M-002, & 1230°C. Dans le cas du Rend 77, la fenltre de tratitement est particulie-
rement large et offre besucoup de libertsd.

Les caractéristiques de reprécipitation de ls phase gamme prime dépendent de la vitesse du refroi-
dissement {mposé en fin de cycle : Les Figures 16 ot 17 montrent 1'ampleur de cette influence dans les
cas de 1'IN 100 et du Mar-M-002. Des observations snslogues peuvent d'atlleurs dtre faites en ce qui con-
cerne 1a précipitation des carbures : dans le cas de 1'IN 100 par exemple, on a pu montrer que 1s préci-
pitation intergranulaire de carbures préjudiciables 4 la tenue en flucge-mptmare peut dtre &vitée que
si les vitesses de chauffage et de refrofdissement sont suffisssment &levées . Dans la majorité des
cas examings jusqu'd présent par les auteurs, les cycles HIP dont les conditions sont ajustées pour pré-
server les caractéristiques de la distribution de la phase gasma prime et de !Qf,t“pnation des carbu-
res conduisent également § une smélioration des propriétés mécaniques d’'emplof ‘“° "7,

11 seratt cependant audacieun de croire 300 la compression fsostatique & chaud constitue une espéce
de panacle permettant de résorter tous les défsuts de santé interne. Dans le cas de 1'allfage de cobalt
X-45 par exesple, les importantes microretassures observées dans une zone particulilre de pidces structu-
rales coulées & partir de m#ta) recyclé 3 100% présentaient des bords durcis par une fine précipitation
de carbures Cc (M = Cr et W)(Fig.18). Une &tude approfondie de la séquence de fusion de 1'alliage
par analyse ti que différentielle et par examens mitallographiques sur échantillons trempés & diverses
températures » montré que ces carbures ne se dissolvent compldtement qu'su-dessus de 1300°C. La fustion
commencante de 1'alliage, associte & la dissolution de carbures massifs M.C devenant notable dbs 1345°C,
divers &chantillons ont £té soumi & un cycle HIP & 1310°C pour tenter d'eh résorber la microretassure.

Les temps de maintien § haute température généralement imposés lors de la compression {sostatique &
chaud sont malhcureusement insuffisants pour assurer la diffusion des &léments constitutifs de ces carbu-
res qui ont dés lors reprécipité sux mimes endroits au cours du refroidissement. Les lévres des microre-
tassures ne se sont donc pas suffisesment adoucies et ont par atlieurs vraisemblablement &té soumises &
des contraintes internes engendrées par les variations volumétriques assocides & la dissolution, puis &
la reprécipitation des carbures. ('est sant doute pour ces raisons que, dans ce cas particulier, V3 com-
pression fsostatique d chaud dégrade la santé interne plutdt que de 1'sméliorer (Fig.19). Finalement, ce
probléme n'a pu dtre résolu en fonderie que par une modification du montage des grappes et le recours i
des procédures particuliéres permettant d'éviter & 1a fois les microretassures et la précipitation fine
de carbures '23‘6 qui leur est systématiquement associle.

Enfin, 11 ne faut pes perdre de vue que le traitement de compression fsostatique & chaud gréve le
colt de production, dens la mesure od 1) constitue un traitement supplémentaire & ajouter & la séquence
de fabricatfon. Dens les cas o0 11 peut efficacement résorber les défauts de senté interne, et compte
tenu du taux de rebut caractéristique de 1'¢tat moyle, 11 ms cependant &tre avantageux, tant technique-
ment qu'économiquement, de 1'timposer de facon systémetique (Ftg.20).

En ce qui concerne les inclusions, 11 n'y » guére que le choix judicieux des réfractaires, le fil-
trage de 1'allfage en aciérie et en fonderie et la sévire sélection des chutes & recycler qui puissent
ainimiser leur probabilité de présence. 11 faut cependant admettre que cette probabilité ne peut jamets
Stre nulle, mime dans le cas d'allfages entidrement vierges.

Les {”tns utilisables sont constituls de mousse cérami ou présentent une structure en nid
d'sbeille . Lour efficacité dépend évidemment des tailles relatives des inclusions 3 arréter et des
chensux de passage. La Figure 9 montre 4 ce propos le cas d'une Inclusion d'oxyde de Hafnium trds petite,
meis cependant arritle par un f1ltre en nid d'abetlle disposé dans le cOne de coulée d'une grappe d'aubes
on allfage Mer-N-002 recyclé 3 S0%. La probadilité d'arrdt dipend dvidesment de )'hydraulique au niveau
du filtre, la viscosité du mita) #tant fonction des conditions de coulle.

CONCLUSIONS

Le recyclage des superellfages de nickel ou de cobalt utflisés en fonderte de précision pour appli-
cations sdronsutiques s'fimpose rwr diminver les colits de fabrication, pour dviter le diclassesent de
mtidres altalliques & haute valeur Intrinsdque, pour Gviter d'mmhn difficuitds d¢'approvisionne-
mat et pour préserver les réserves naturelles.

11 pout cependent sugmunter le risque d'une dirive de 1a composition su nivesu des ¢léments en
faibles tensurs ov des éléments en traces et 11 peut renforcer 1a probadilité da rebut pour dfauts de
sents interne ou pour comtenus inclusionnaires trop $levés. 1) ne s'agit pourtant pes ¢'une tendence
indluctable § 1o ditérioration de 1o qualite, dans 1o masure ob des précautions powvent 8tre prises pour
rendre 1ot coulées-mires recyclfes sussi satisfaisentes que 1a plupart éas covlbes vierges.

Cos pricevtions concernent les pratiques de fonderie, 1a sélection et le conditionnemant des chutes
8 recyclor ot Yos prochdures ¢'Slaboration en aciérie. Dens 1o cas of de telles précowtions restent in-
suffisentes, los covléos-alires recyclées pouvent tout do mime Otre avantagoussment exploitdes, & condi-
tien d'utiliser dos filtres on fonderie ou de sowmettre les piices § une compression isestatique & chewd
finale. Co dornfor traitoment ne comstitus cependant pas wne pesacle wniverselle et ses conditions de
réelisation detvent dtre sefgnousement sjustées sux particularitis sitallurgioues & prodblime pest.

T
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TRACE ELEMENTS AND RESIDUAL ELEMENTS IN SUPERALLOYS
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SUMMARY

TThis paper is a sequel to an earlier review (1) entitied Mimpurities and Trace Elements in Nickel Base
Supera and covers work performed in this field from 1976 to present.

Improvements in refinement technology are discussed. This includes evaluation of refractory materials to
ensure minimal accumulation of inclusions. The following section on detrimental (or tramp) elements covers: (i) residual
gases and porosity, (i) non-metallic inclusions (with particular emphasis on fatigue crack formation in inclusions which
can lead to premature tailure) and (iii) residual elements such as sultur, phosphorus and other tramp elements (primarily
those in AMS 2280) which segregate to grain boundaries. Since this segregation can lead to intergranular fracture, the e
elements have been the subject of several studies by Auger Electron Spectroscopy (AES).

There is also s section on beneficial elements which are added in smali ts 0 « act the effect of
the tramp elements. Some of those beneficial elements in smalil residual amounts may also help with grain size control.

Finally, some recent work on the processing of scrap is discussed, with particular reference to minimizing the
inciusion and trace element content of the alloys-r

L INTRODUCTION

The therne of this meeting "Materials Substitution and Recycling” is an important subject and its discutsion is
timely for it has received much attention lately, particularly in the USA, which is of course one of the main consumers of
specialty metals. According to the publication "Aviation Week and Space Technology” (December 21, (981 puil, January 17,
1983 p.16, February 7, 1933 p.15 and May 2, 1983 p.I6) concern over dependence on foreign sources for strategic materials
was one reason why Congress agreed to the adoption of the specialty metals provision for the Defence Department
Appropriations Bill. This provision, which was supported by the specially stee) industry in the US, but not by Defence
* Department Officials, severely restricted the importation of defence items containing foreign-produced specialty metals.
More recently (AWST July 18, 1983 p.13), Congress has agreed to changes in the Bill which wiil allow the importation of
certain strategic materials. The concerns raised by- this Bill are a good example of the very high level of importance
which governments are placing on self-sufficiency. The metaliurgist is therefore responsible for developing, and then
fine-tuning, alloys which can meet all specitications for the required properties, while ensuring as far as possible, that the
ingredients are readily available at a reasonable cost.
Nicke! base superalloys are uwsed for two primary functions:- (i) high strength/high corrosion resistance at
ambient temperatures and (ii) high strength with creep and oxidation resistance at temperatures. A good example of
materials substitution for a perticular application is the alioy designated Hastelloy » developed by Cabot Corporation.
Huunozo;tr (Ni-98i-3Cu) has good resistance to corrosion in an environment such as H2504 and can therefore replace
inconel {Ni-16Cr-8Fe) for many industrial applications, thereby saving a large amount of chromium.
For optimum high temperature properties for & given alloy one can control the heat treatments and
mechanical to obtain the required grain size and microstructure. Also, it is usual to specify vacuum melting
and vacuum ref and to add small quantities of materials as refining aids to help remove undesireable "tramp”
elements and help with grain size control.
A review of the effects of both beneficial and minor alloying elements, and the effects and control of
| trace ek ts in nickel-base superalioys was published in [976 (I). Since then, a number of published
conference proceedings have devoted at least one session to this topic. This paper is essentially a sequel to the earlier
) review, and will contain citations to many papers presented at conferences or in the literature, but will not discuss papers

§ siready referenced in the previous review.
& This paper will use the same general classifications as the previous one covering refinung aids, detrimental and
-4 beneficial elements. There may be some overlap in the trestment since the role of beneficial elements is often to remove
« A or to counter the effect of tramp elements. Although the word superalioys has been used in the title, most of the work
: over the past 7 or 8 years has again concentrated on nicket base alloys. The compositions of the alioys discussed in this

paper are given in Tebie L
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TABLE |
CHEMICAL COMPOSITIONS OF ALLOYS DISCUSSED IN THIS PAPER
Cond- Ni Al Co Cr Fe Hf Mo Nb Ta Ti v L J Zr
ition®
Inconet 600 v Bal ” L]
IN-100 C Bal 33 13 10 3 87 L0
MERL-76 P Bai bR I 12 0.6 32 LS 8.2 0.08
Astroloy C Bal LR S b 15 5.23 3.5
Hastelloy-X v Bal 2 19 9
NSC-) L J Bal 3 13
B-1900 C Bal 6 0 8 6 (] |
IN-738 C Bal 3.4 86 153 02 L75 09 L9 3.2 2.6) 0.
Hastelloy C-276 L 4 Bal 0.2 [N S 5 16 3.3 0.01
Hastelloy-Cb v Bal 2 [ 3 15.5 0.2
Nimonic 103 v Bal &7 197 013 b L3 0.1
MAR-M002 C Bal .7 0 9 L6 .3 L3 0 0.06
MAR-M3G9 C 10.4 0.1 Bal 2.4 3.7 0.17
MAR-M200 [} Bal 5 0 9 [8 ] 2 12.5 0.05
PE 16 C Bal L3 6.5 W7 3.3 L3
INCO 90I%¢ C Bal 0.2 125 M 6 3
Haynes 7i8 v Bal 0.6 13 9 3 Nb.Ta=32 |

* C = Cast P« Powder ¥ = Wrought
s U-90L, Udimet 901 and Unitemp 901 are aiso of similar composition.

For cast products, vacuum remelting furnaces are usually small induction furnaces which allow precision parts
to be cast under vacwum. For wrought products, vacuum arc remelting (VAR) is commonly employed to convert the VIM
ingot into a similar ber of finer grain size. The VIM ingot forms one electrode which grajually melts buck when an arc is
struck. The resulting liquid famapoolvmchcooh?ddy for a fine grain size.

One of the newer refining procedures (2) is vacuum arc double electrode remelting (VADER) in which the
product is uniformly finer grained because the cooling rate Is much higher than for other types of refining.

It is probable that in a uniformly fine-grained structure the impurities would be uniformly distributed and would
be unlikely to concentrate into pools from which potential hazardous cracks could emanate. It is clear, however, that since
the electrode material is melted in vacuumn and of this liquid fall onto the surface of the refined ingot, there is no
time for the removal of any unwanted elements. fore, control of beneficial and tramp elements must take place in
the initial vacuum induction melting (VIM) process.

Another new process being developed in the USSR is vacuum plasma arc reme! .ng (VPAR) (3). For this process,
it is claimed that evaporation losses of alloying elements is low, but that the removal of impurities is high. In comparison
10 other refining methods, reductions of bismuth (by 90%), lead {by 90%), antimony (by 70%), oxygen (by 30%) and nitrogen
(by 75%) have been reported.

3. DETRIMENTAL ELEMENTS

These may be in the form of residual gases, residual non-metals, or residual metals and metalloids.

Residual and 3

t to sivinkage and porosity have always caused problems for premature crack initiation.
Consequently, over the pest few years, hot isostatic pressing (HIP'ing) of castings hes been more wideepread (4,3} and
companies such as Howmet and industrial Materials Technology incorporated offer a comprehensive service the
HIP'ing of any asroepece component and lncluﬂm advice on various jate HIP treatments etc. Typical improvements
for a nickel-base atloy B-1900 before and after HIP'ing are as follows (3% 760°C/630 MPs life increases from 32 to
mmwcuﬁmmmunzn. 1t has alwo besn shown (3) that the cycie fatigue life of cast
hatnium-moditied 792 can be improved by a factor of eight times after HIP'ing. Fatigue life is improved because

pe m-mqwam
There hes recently besn a great improvement in casting technology of to the extent that net shape
integral castings of turbine wheais consisting of disc and biade assemblies are . After many experiments involving
ot (6)Mtammmmummmtdmnmhwul5
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In the consideration of defects which arise from high gas contents, particularly oxygen and nitrogen, it is
important to relate the size of the resulting defect to the damage that can be caused by it. A defect may grow in size
during service particularly when high stress can induce crack propogation. Design concepts based on fracture toughness
testing should indicate the maximum size to which a defect may be allowed to grow during the life cycie of the component
such that a critical size (ie. a defect leading to failure) is not attained.

Microporosity and inclusions resulting from an initially high N and O content are examples of defects which can
grow under creep-type conditions at high temperature. Interstitial solute atoms such as H, O, C etc. can migrate under the
influence of stress at high temperature and accumulate at cavities in the grain boundaries (7). The improved properties
ascribed to the addition of B and Zr (to be described later) are probebly largely a result of the ability of these elemants to
restrict the grain boundary diffusion of impurities and theredy increase the resistanoe to creep cavitation.

two main sources of inclusions are: (i) oxides etc. formed during meliting and (ii) furnace and crucible
refractory materiais. Inclusions (and porosity) are a primary source of fatigue crack initiation, particularty in high
temperature aerospece companents fabricated from powders (3,9). Eylon and Uyzak (8) used & precision sectioning
technique to investigate the fatigue crack origins of two powder nickel base superalioys. They found that in all cases
where the {atigue crack initiation site was based on a subsurtace location, the fatigue crack origin was at & pore or non-
metallic inclusion such as MgO. These materials were produced by argon atomization and during this process it is possible
to pick-up significant oxygen, typicaily 40 to 200 ppm.

In order to understand the exact role of ceramic inclusions in nickel-base alloys, a moditied IN-100 powder alloy
designated MERL 76 was seeded with two types of oxides, Al203 and MgO, both of which are used as refractories in the

der-making process. The specimens were then compacted and fatigue tested and, as a result of this work, Law and
lackburn (9) were able to show that crack nucleation in the base metal was invariably preceded by cracking either in these
large (up to | mm diameter) inchusions or st the inchusion/matrix interface. This damage occurred at low stress (340 MPa)
aftec very few cycles. Since cracking occurred with equal ease in both AI203 and MgO inclusions, it could be
concluded that each are equally damaging to the structurs.

The subsequent cracking through the matrix was monitored for various inclusion sizes, stress levels and test
temperatures. The effect of inclusion size is sh in fig. | where it can be seen that crack rate is almost independent of
size until the crack reaches a length of about 0.1 mm at which point prior inciusion size plays a role in the crack growth
rate; the larger the inclusion the greater the crack growth rate. Similarly, crack growth rates increased with increasing
stress and decreasing temperature of testing, but were not atfected by inchmion shape. [t was concluded that the
inchaions behaved like notches rather than cracks in the structure.

Also working with a powder alioy (Astroloy), Track and Betz (10, [l) have shown that stress-controlied low cycle
fatigue (LCF) lives at room temperature are not affected by the introduction of smalil ( € 20 um diameter) inclusions. In
fact inchmions up to 100 um had little effect on the LCF lives. However, in stress-controlied experiments, at high stress
and elevated temperature (600°C) defects with diameters as low as 40 um considerably shortened the life.

Hence, although oxide inclusions cannot be avoided completely, it is certainly advisable to limit the size if
possible. Two recent investigations on MERL 76 (12, 13) have concluded that the crucible refractory material is of prime
importance in limiting inclusions. Unfortunately, the conclusions in each case were somewhat contradictory, although the
reasons for this may have been due to the order in which ingredients such as reactive metals like Hf were added to the
melt.

. Brown et al (12) have developed a procedure for the extraction of oxide inchusions and on the basis of this
technique have concluded that, for VIM material, magnesia (MgO) crucibles gave the lowest oxide content in the melt
followed by Al203 followed by Zr203. VAR had little or no effect on the oxide level, but ESR resulted in significantly
lower oxide levels.

On the other hand, Sutton and Johnson (13) in melting the same material found that Al203 crucibles gave the
lowest oxide content followed by spinel (MgAI20y) foliowed by MgO. MERL 76 contains about (.8% H{, and in each study
the dominant oxide was found to be HtO).

Residual Non-Metals 3 !
was true in 1976, sulfur continues to be one of the elements of major concern to superalioy users.

Severa! investigations have used Auger Electron Spectroscopy (AES) during recent years to study the
segregation of sultur to free surfaces and grain boundaries. For example, it is shown in fig. 2 (18) that in inconel 600 with
8 sulfur content of 0.002% by weight, the distribution of sulfur (i) after furnace cooling and (ii) after water quenching
from 1100°C is markedly different. This was demonstrated by taking small pleces from each of these samples and
annealing them at different temperatures in an Auger unit. In the furnace cooled specimen the sulfur was already
distributed in the grain boundaries and was able to migrate to the free surface at temperatures between 300°C and $00°C
whereas in the quenched sample, the sulfur was locked in to the matrix and unable to diffuse to the surface. Assuming the i
free surface of a sample is similar to a grain boundary or region of porosity in that it offers a low energy site for !
migrating atoms, then it is not surprising that sulfur is found in higher concentrations at fracture surfaces than in the bulk ‘
material. Kny, Stoiz and Stickler (13) studied the alioy IN-738 and found that in the normal heat treated condition (1120°C
21, coof to RY, 843°C 2¢h) the bulk $ level, measured chemically to be about 0.003 wt % was in the order of 0.008% * ] !
0.003% when measured by AES. In & fracture surface this level increased to about 0.03%. When the same material was F

]
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xdnt 788°C for 10,000 hours - i.e. simulating a use condition - the bulk level of S was below the level of detectability,
o the average sulfur level in the surface was 0.12%.
Scme areas had a sulfur concentration as high as 0.33% which is about 100 times the original buik
concantration. Aumwmmmmzv.nwnu(u)MAummmmmtmml
samples with a high sulfur content (30 ppm and up), the grain boundary zone (Znm wide) was enriched with
relative sulfur contemt in the fracture surface (L.e. at sputtering time = 0) for a number of
mmuwmaeru;uaammmmymwmhnh. Por untreated
content decressed with Increasing sputtering time. correjated with their ductility experiments
whan the S {or Ca or Mg) content was high, the ductility was dramatically reduced in the temperature

. It 18 cloar that sulfur is & very harmiul element, and its migration to grain boundaries
Ngh temperature service can have serious conssquences. Recently, Messmer and Briant (17) have
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atoms such as boron which improve the ductility are calied cohesive enhancers, because in this case the bonding
impurity and host metal is homopolar (i.e. the charges invoived are equally shared between the impurity atom and
atoms) and metal-metal bonds are not destroyed. Since it is these metal-metal bonds which hojd the grain boundar
together, the latter case obviously describes a hon-embrittiing situation, and the bonding between a cohesive enhencer and

bl

the host metal may in fact strengthen the grain boundary. One can estimate that other e tive elements such as
Mg,C.orTlmlﬁbchnuhb,vmhobctranm:hmum“ummum sulfur,
The authors do not speculate on what to chemical bonding when both S and B atoms are present in the

grain boundary. There is some experimental evidence however (I8) which indicates that the two opposing effects would
tend to cancel each other out, 3o that the presence of boron in a grain boundary would reduce the tendency of S to weaken
the grain boundary bonding. Apparently, boron-doped nickel does not change the sulfur content of the fracture surface
but does improve the ductility, Recently, Mulfard (I9) has also shown that the deleterious effect of sulfur in Ni and Ni
binary alioys (where nickel was alloyed with Cr, Mo, Al, Cr, W, or Hf) was countered 1o some extent by the formation of
sulfides which then limits the amount of sulfur available for grain boundary segregation.

Other work (20) on pure nickel supports the evidence that sultur strongly segregates to grain boundaries, (again
measured in an AES) and also is the t primarily responaible for hydrogen embritt t (which was introduced by
testing in H2504 at cathodic potential). Both the presence of sulfur or the spplication of m"ﬁ cathodic potential
were effective in changing the fracture from transgranular to intergranular with the sccompanying p loss in ductility.

The sulfur tion effects in t:: nickel and simple binary alloys are roubly muun of the
effects of sullur in the y complex nickel superalioys. Certainly the presence of sulfur an atloy such as
IN-7133 susceptible to intergranular cracking because of its tendency to segregate without forming sulfide inclusions.

Muiford (19) showed that the rate of sulfur uwuuon was strongly influenced by annealing temperature in Ni
and Ni-Cu alloys. Equilibrium levels are achieved after hours at 360°C, or less than one hour at 700°C. However, in
Ni-Mo, Ni-Al, Ni-Cr and Ni-Hf binaries the sulfide solubility level decreases, primarily due to the increased tendency to
form sulfides. In the case of the Ni -0.3% H{ alloy the sulfide forming tendency was very high so that the amount of free
sultur was very low.

Another element which has traditionally been classified with sulfur as highly deieterious is phosphorus. It is
somewhat urbin. that although their atomic radii are very similar (20) phosphorus has a coefficient of diffusion in
nickel about 2 orders of magnitude greater than that of sultur (14). Consequently, many investigations have shown that
phosphorus also tanm to grain boundaries (1I)20)21), but recent evidence indicates that phosphorus ngfeﬂ:&m is not
responsidle for brittle intergranular fracture. Bruemmer et al (20) show thet, in general, phosphorus a slight
embrittiement eftect on pure nickel which in the presence of sulfur translates into a beneficial effect since phosphorus
reduces the strong embrittiing effect of that element.

In Incone] 600, Was et al (21) have performed some very nice experiments using a Scanning Auger Microprobe
to show that annealing trestments at 700°C caused severe chromium depletion and enhanced phosphorus concentration at
the grain boundaries. However, it was the former that was the most likely cause of the observed intergranular corrosion
(because the intergranular corrosion rate varied with thermal treatment whereas the grain boundary concentration of
phosphorus did m{'

Incidently, it is shown that when the grain boundary chvomium leve| falls to 9% (from the nominal jevel of 13
or }6%) then the structure is highly susceptible to intergranular attack. Much of the chromium is removed through the

* formation of the chromium carbide CryC3.
This (s one of the reasons that the carbon content has to be closely controlled in nickel-based alloys,
particularly in those alloys which must retain their corrosion resistance after welding without further heat

treatment. For exampie, in the Hastelloy alloys C-276 and C-8 (which are used in severe corrosive environments) the
carbon levels must not exceed 0.02 and 0.015% respectively. Venal and Kiein (22) tound that for electrosiag remelted
alioys, a high proportion of the carbon in the ingot originated from a high level of carbon in the They showed that by

NiO to the molten slag (70% CaF2, 15% CaO and 15% Al203) before it was placed in the crucible, the carbon ‘
content of the slag was significantly reduced, which in tumn to lower carbon contents in the resulting Hastelloy ;
ingots. ‘ i

Residus! Metals and Metalloids

unweicome ¢ ts which have received the most attention in the literature for their deleterious
behaviowr in nickel alloys are lead, bismuth, selenium, teliurium, thallium, silver, antimony and arsenic. The AMS 2230
standard recognizes that these elements, which are not normally analysed for most applications, can seriously affect the
mechanical properties of highly stressed rotating parts such as turbine blades. Hence the following Limits (ppm by weight)
have been set in AMS 2280:

Pb Sppm, Bi0.5ppm, Se Jppm, Te 0.3ppm, Ti Sppm

A number of other elements have been included each of which shouid not exceed 50 ppm and the total amount of trace
< elen ents should not exceed $00 ppm. ’
F . in addition SAE have published an Aerospace Recommended Practice (ARP 1313) which describes the methods
whic! may be used to analyse for these trace elements.
in the earlier review (1), the role of some of these elements on the high temperature mechanical properties of
nickel-base alloys was described. In general, it had been found that bismuth was the most harmful element at ppm levels
and that lead, telhrium, thallium and selenium in decrsasing order adversely affected creep and hot workability
properties. lmllhu@u&&b“&\mufwmgw More recently some of these earlier results have
been confirmed for Nimonic 03 by Thomas and Gibbons (23, 20). Pig. ¥ is & normalized plot of the effect of various
- impurities (L.e. as compared to the base metal) on the stress rupture lite and ductility at 313°C. For plain samples ( o = =
356 MPa), Te Pb and Se¢ were the most harmiul in that order. For Sn, the life-to-rupture decreased slightly at i2 ppm Sn f
; (more 30 in notched samples) and thereafter actually increased with further additions of Sn. The effect of Te was sl
‘ interesting since there did not appesr t0 be a decrease in life-to-rupture as the Te content was increased from | ppm to 3
j ppm, but dropped sharply when the Te content increased to 7 ppm. In all cases, notched sampies (¢ « 330 MPa) were more
! , sensitive to the effect of impurities than plain samples, and this was particularly noticeabls for Ti and Sn.
b It was that the effect of Sn may be sensitive to temperature variations, but it was demonstrated thet . ,
effect on lite-to-rupture or reduction in ares. It was also shown for Pb and o
Te (the most damaging elements) that grein boundary cavitation increesed drastically with incressing impurity and TR
incressing deformation as compered 10 the cavitation recorded under the same conditions for the base alloy. e L
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It was proposed that segregation of the impurity to grain boundaries (theredy reducing the surface energy v, )
could result 1 “e increased cavitation because the size of & stable cavity is given by r @ 2 /e , o is the
applied stress. However, it is interesting to note that the increase in cavitation &y a factor of 10) was not directly
proportional to the rupture life, which decreased by 25%.

A more detailed examination (2¢) of the etfect of Pb on the creep properties of a cast nickel-base alloy MAR-
M002 resulted in the conchmions that small concentrations of lead (approx. 2ppm) could seriously impalr the rupture life
and ductility ot MAR-M002 and that this alloy was more sensitive to small concentrations of impurity than was the
wrought Nimonic 103, Using Auger Electron Spectroscopy the authors showed that lead was present as a monolayer on the
stress rupture surface. This supports the earlier postulation that impurity segregation to cavities results in an increased
amount of cavitation.

Kisemann et al (23) have investigated how creep rupture properties of a - th cobalt-base alloy can be
affected by trace elements. The slloy was identified by its chemical compuitlonml.r’\\dmw to be the cnl:l:‘ alloy
MAR-M309, to which 90 ppm bismuth and 33 ppm selenium were respectively added to *wo heats. The authors had
intended to add 100 ppm of each element, but at least for Se, seemed to have inadvertantly discovered s refining process.

TABLE 2

THE EFPECT OF SELENIUM AND BISMUTH ADDITIONS ON THE STRESS RUPTURE
LIFE AND DUCTILITY OF A CAST COBALT BASE ALLOY MAR-M309. KLEEMANN ET AL (23)

Test Control Control
T ature Stress Property Control | Plus 33 ppm | plus 90 ppm
*C) {MPa) Seleni Bismuth
10 Rupture Life (h) 107 78 (27) 76 (29)
.2 Reduction of Area (%) 18 23 9 (34)
9
70 Rupture Lite () 3042 1786 (42) 904 (70)
Reduction of Area (%) 2 2.5 3.1
1%6 Rupture Life (h) 76 2 (63) 3 (59)
Reduction of Area (%) 20 27 4.3 (76)
899
12 Rupture Life () 1753 139 (9) 181 (33)
Reduction of Ares (%) 1 13 3.5 (60)

NOTE: Numbers in brackets are the percentage reductions
in property values in comparison to the control casting.

The results have been redrafted as in Table 2 to show the percentage reduction in properties due to the
impurities, and it can be seen from Table 2 that the authors' conclusion that "at the lower test temperature the resuits
show the absence of appreciable effects on rupture s th due to impurities” is not strictly true. In fact, at the lower
temperature and higher stress, impurities had their n::!mwmcﬂmmmmﬂte. percentage-wise. In general 90
ppm of Bi were more than 35 ppm of Se.

in comparison to results on nickel-base alloys where s few ppm of Bi can have a disastrous result, it appears
that cobait-based alloys may be much more tolerant to impurities; this relatively large amount of Bl did not, for example
have a large effect on ductility at 930°C. It is also interesting to note that Se actually improved the ductility under all
conditions of temperature and stress, which is different to the result quoted earlier for Ni-based alloys (23).

Metailic and other impurities in nickel base alloys have been studied by AES by Waish and Anderson (26).
Grain boundary fracture surfaces contained signiticant levels (in decreasing order) of S, B, Te and Pb when the bulk levels
of these elements was as low as 80, 8.8, 6.3 and 10 ppm ively. The elements Tl, Se, Sn, Sb and As were not found
at the grain boundaries. The same alloys (B-1900 and MAR-M200) with Hf additions contained a much lower S content in
the boundary. Te and Pb levels were independent of Hf content. In general, the elements which te to the grain
boundaries are those which have the worst effect on high temperature mechanical properties as already ibed both in
the current paper and the former review (1)

Control of Ag, Bi, Pb, Se, Te and T, introduced to levels of 30 ppm during vacuum induction melting, have
been discuseed by Schwer et al (27) in a follow-up report to that referenced in (1). This subsequent report is equally vagus
in terms of numerical data, but the conclusion remains that Tl is almost completely removed, Pb and Bi substantially
Mfa“ﬂwtummw&hnumtwtm‘:dwvm- 1t was also concluded that time was the moet
important variable followed by melting temperature and operating preseure.

In contrast, Burton (28) has shown that in U-700, it is possibie to reduce the Se content from about 120 ppm to
13 ppm by volatilization during VIM. In other tests, !t was shown that selenium can be further reduced from 3 ppm to 0.3
ppm by the addition of caicium (in the form of CaO or Ca Ni) to the meit. At the same time S, Pb and Zn were also
lowered by this calcium treatment, while Sb, Sn, Ge and Ga were unatfected.

We have seen in the paragraphe that Mf and Ca continue to be used to control the level of sulfur and
Zr and the rare earths are used either In a similar way, or

tions must be carefully controlled.

% control the
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Both Ca and Mg are effective deoxidisers during the meiting of nickel base alioys, and these elements are also
trol sulfur (29), but at the same time both these elements Cen cause severs hot shortness when present in
excess. of the main problems is that these elemen pwucuhrl‘Ca.lumbrmh ain boundry phases, which are
visible when the solute concentration is only 0.03%. Mg is not so cri mm:ﬂ’.u.m....m...u..
sosking nmcmcmuhuhahﬂhf feve!l of Mg before cracking is observed during forging.

mon | base superalloys are boron and zirconium both of which can markedly
improve creep and fatigue behaviour of nickel-base superalloys. Ploreen and Davidson (30) have recently studied the
effects of small amounts of B ( € 0.006%) and Zr ( € 0.05%) on a Nimonic alloy PEI6. Under creep conditions

3
E:
;

cracking was far less prevalent in samples containing B and Zr, .m*‘ﬂ the creep and fatigue crack growth rates did not
seem to be affected by B and Zr. Also, B and Zr were more effective in air tests than in an inert atmosphere, indicating
they do indeed counteract the deleterious effect of oxygen, but neither B nor Zr affected the microstructure.

On the other hand, Antony and Radavich (31) studying the effects of B and Zr on MAR-M002 have shown that
stress rupture properties can deteriorate markedly with higher Zr content, as shown in Table 3. This was due in part to
the increase in microporosity (which in turn may be related to the decrease in solvus temperature) with increasing Zr. It
was also found that increasing boron decreased the amount of microporosity and increased the stress-rupture properties.
In fact, it was concluded in this report that the use of Zr should be eliminated from cast nickel! base alloys used for
integral turbine wheels where microporosity could be a critical factor.,

TABLE 3

EFFECY OF Zr AND B ON MICROPOROSITY AND STRESS RUPTURE PROPERTIES
OF MAR-M002. ANTONY AND RADAVICH(3)

Doping Levels (%) Stress Rupture Life (hes)
B | zr Microporosity (V) 505007583 MPa | 928°C/29% MPa
oo12| - 0.20 103 %
0.012 | 0.07 0.3 30 N
0.012 | 0.3 ' 0.50 % »
- |oo0r 0.0 I i
o0.012 | 0.07 0.3 30 »
0.023 | 0.07 . 128 “

Boron tends to form M3B7 borides rich in chromium dispersed along the grain boundaries, often replacing MC
cartudes (31). Zirconium affects the morphology of carbides and may also increase the v' precipitate size. It is quite
clear that in complicated superalioys each element may interact in several ways to enhance and detract from overall
properties. For example, adding boron frees titanium (which normally is taken up by MC carbide formation) and this
allows more Ti to form a 7-v' grain boundary eutectic (32). The net result can be an increase in both strength and
ductilite

Rare carth metals (REM) usually e-rkmorhmhmmmmdlnv«{ small amounts to superalioy melts,
solely to control $ and O. It has been found that larger cerium additions (to Inco 901) did not refine the grain size (33) but
did cause the formation of brittle Ni and Ce-tich phases in the grain boundary.

Fig. 3 (38) shows how Ce affects the removal of oxygen from a meit of Udimet 901, from about 18 ppm to &
ppm after only 10 minutes. The further time of holding is required to reduce the residual Ce level to about 0.02 to 0.03
wtth. It was found that the optimum residual cerium content to prevent hot shortness during subsequent working was
within the range 0.02 to 0.05 wt%, or 200 to 300 ppm.

Mischretal, an REM mixture (38%Ce, 20%La, 13%Nd, S%Pr, 2% other REM) has tly been used in
nickel-base alloys. Por example, fig. 6 showa the desulfurization of two VIM heats of Haynes alloy 718 (33} by ditferent
Mischmetal additions. It is usual to experience a greater desulfurization or deoxidation with larger REM additions, but
this usually leaves s high REM residual.

Bailey et al (36), wing REM treatments on Unitemp 90, showed that when the initial sulfur level is lower (20

), the final sulfur level is also much lower (1 to 5 ppm). Their resuits for oxygen removal agree with those of Li et al

) The oxygen content went from 35 ppm to between 3 and 10 ppm following a La addition of $00 to the melt. The
La residual was about 25-30 ppm which was very close to the expected (calculated) value of 40 ppm on physical and
thermodynamic data. These authors showed also that creep properties at 650°C/386 MPa were superior in the La treated
version as compared to & standard Uniternp 901, but noted that there is a denger of reducing high temperature properties
when the REM residusl is high.

n fact the is very real, as has cecently been shown by Cosandey et al (37), whose resuits for high
temperature (1093°C) tansile tests on Udimet 901 are presented in Table &,

It can be seen that a Ce residual of 30 to 90ppm incresses strength but residuals lower the strength to
vahsms below that of the untreated slloy. Cosandey et al aleo showed that the 649°C/638MPa creep ductility was
incressed by 30-90 ppm residual Cs, but the rupture times lor thess tests were Jower than those for untreated samples.
This therefore emphasises the need to effectively control the REM residuais. Cs has & low solubllity in nickel and
therefore the grain boundery concentration is much higher then the bulk concentration. At low Ce levels the Cs reacts
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with O and S to form Ce203, Ce201S and ?Js&“ this improves the dnctlmy. but at higher concentrations the brittle

Nis Ce phase forms in the grain boundaries ductliity is then
TABLE &
ULTIMATE TENSILE AND RE
IN AREA AS A AL
TS T U-90)
Cosspdey et al {37)
Ce Reaidue uTsS EL RA
wt Pt (ppm) (MPs) (Pct) {Pct)
0 0 0 202.7 [} X ] 73.1
0.02 82 30 210.3 38.6 $2.2
0.06 164 63 207.3 4.0 7.
0.06 286 99 215.1 n.9 30.3
0.08 328 139 153.) [N 2.0
0.12 492 m 2.4 L3 0
0.2% 9”3 (3 1) 77.9 L2 o

EFFECT OF TRACE ELEMENTS ON RECYCLING

mumvmmemmeotmumlmnuwuumwmmuumumwmw i -
detri tal trace el the use of scrap material during the initial me e.
'wb(li)mmhdmeh;mtmwolncycmmdml-hw loys which consists of a two part
process. The material is first air melted in - arc furnace and oxygen is introduced through a lance to remove reactive
ehmenupriormcumg The cast ingots are then vacuum refined either from the as-cast condition, or by mixing with
material to make up a required alloy composition and during this treatment the required Hf, Ti Al etc., can be
. . Even uwuummmnmmmammumu materiala - Ni, Co, Cr, Mo, Ta, W etc. -is very 3
high indeed, about 99% of the charge. Furthermore, it has been shown that trace element pickup during processing is '
the

but
mhh&nmmzdﬂnncmuhmmmubhmpﬂuwmmm The above-

the lovel of the charge was 0.001%. Howevev, if a
the scrap would undoubtediy be oxidized during

system described by Woulds to work, the source ap must be rellable, and one of the main
prablems in recycling is that there is a denger ¢ the alloys and posaibly mixing grades of alioys. These problems
heve recently been discussed in detall by drfarbadilio {39), inciuding a review of the refining procesees and sources of
inchusions. Problems associated with inchusions have already dealt with in this review, but it is important to realise
ks that even with the we of high quality magnesia refractories, the probebility of picking up exogenous inclusions derived
4 from the crucible will incresse with time of contact.
o:-au-mmMmmumuuamu»bompmwmuwmmm)
and is 8 two stage processs (i) melting in a electric arc furnece and argon-oxygen decarburization {(AOD) in a
crucible. During the meiting, which should be as rapid as possible, the melt may be purged with oxygen but most of the
refining is done after transfer to the AOD crucible. Through in the base, oxygen and argon are blown. This
purges out N2 and H) gases, oxidises the resctive slements such Th Zr, etc. and allows volatilization of some of
vapowr pressure tramp elements such as Pb, Bi, Te and Se. Sulfwr is aiso removed by oxidation and
volatilization. This material could then be cast into small ingots as a charge for subsequent vacuum arc remeliting dut, in
general, most scrap {end many virgin meits) will be air melted. i
A:unm7v.cwnmmgyc«m.cmm«u(w)wmumu»mwm >
role of trace elements. They focuseed on problems ar from analysis and at the same conference the same author, in
conjunction kumoldmw superalioy metal (81), presented the results of an ASME-ASTM gas turbine
pansi task forcs on trace elements. This program was calied “Tracealioy” in which 26 laboratories analysed three heats of
nicke! base superalloy which had been doped with different quantities of tramp elements, namely Bi, Pb, Se, Te and Ti.
oomoh of this program the remaining meteria) was sent to the National Buresu of Standards (NBS) in 3 .
mun mmmwammnolwmhwnmﬂunrhhmvmn‘rrmlhyl\. i
and C. Thees materials, which are respactively Standard Reference Materials (SRM) 897, 898 and 899, can be purchased
msbSb)pu”gwwb.hbbSMn

al the amounts of trace efements added to each heat

b») the arithmetic mean and standard deviation for each element as determined by the participating
iaboratories and

c) the NAS certified valses for SRM's 897, 898 and §99.
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ii)

' in)

iv)

TABLE 3

RESULTS FROM THE TRACEALLOY PROGRAMME (V)
AND SUBSEQUENT NBS CERTIFIED VALUES FOR TRACEALLOYS A, 8 AND C

(ail values are ppm by weight)

Participsting Lab. Results ] NBS Standard Reference
Alloy Element Amount Arithmetic Standard Value Estimated
Added ] Mean ) Deviation Uncertainty
Bi 0.5 0.582 0.29% (0.53) -
P 10 10.7 L9 nr 0.3
A Se 5 8.81 139 9.1 0.1
Te L0 1,03 0.368 1.05 0.07
TI 1.0 0.363 0.269 0.51 0.03
Bi 1.0 LIS 0.523 (L1 -
Pb 2 2.% 0.943 2.9 0.6
] Se Lo 1.82 0.673 2.00 0.02
Te 0.3 0.68 0.521 0,54 0.02
Tl 5 .79 124 2.7% 0.02
8i 0.2 0.5:% 0.2¢7 (0.26) .
Pb 5 LB ] L28 3.9 0.1
C Se 10 9.16 171 9.5 0.1
Te 5 899 140 5.9 0.6
T 0.3 0.562 0.565 0.252 0.003

NOTE: NBS have not certified the bismuth contents

There are several important points regarding these resuits:

the certified values for Jead given in Table 3 are the latest available from NBS and are about 20% lower than the
values issued on the NBS Certificates of Analysis between September 1980 and August 1983. Apparently the errors
were due to incorrect calculations following peak-height measurements, but the admission by NBS that even they
are capable of errors only goes to emphasize the care with which superalloy producers must perform their analyses.
It is fortunate that the incorrectly certified values were too high rather than too low.

NBS used "definitive” methods based on isotope dilution spark source mass spectrometry for Se and Te, and isotope
dilution mass spectrometry for Pb and TI. Since Bi has only 1 isotope, this method cannot be used for Bi, and 30 NBS
do not have a “definitive™ method for Bi, and therefore do not iist Bi in the certification. The bracketed values for
Bi are non-certified values as quoted by NBS, and are the arithmetic mean of the acceptable values provided by the
ASME-XSTM panel.

Most of the 26 laboratories participating in the Tracealloy programme used atomic absorption techniques, and none
used the sophisticated techniques that NBS used. Also, it is almost certain that none of the laboratories would
perform the large number of trials that NBS would perform. Nevertheless, it is interesting to note that the
arithmetic means given in Table 3 are in good agreement with the values certified by NBS.

However, the large deviations caiculated from the results of the participating laboratories indicate that the chances
of obtaining & poor result are quite high. The equipment should de frequently calibrated against one of the NBS
reference materials.

« v) It appears that one or more of the constituents of Tracealioys A and B were contaminated with Se since the analysed
& - values exceed the amount deliberately added to the meit.
‘ vi) 1t is interesting o note that Bi, Pb, Se anvd Te were not "lost” during the course of melting. About halt the Tt
:zommhnbunmw“lybyvohunutm Compare this to the results of Schwer et al (27) - one might
expect that some of the Pb and Bi would have volatilized tool
vil) There are several methods that can be used for quantitative chemical analysis of nickel base superalioys and most
N require that the sample be diseoived in acids. Since this can be difficult, there is a that some constituents
may be lost. Even with the latest equipment, most anslysts need a lot of experisnce be they can routinely and
i confidently report on ppm levels of trace elements.
: SUMMARY AND CONCLUSIONS

of workers representing a wide variety of interests. It is possible to
over the past eight years and ver ymyolu\tlunmmum‘z
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advances in the field of Auger Electron Spectroscopy have lead to » more compiete understanding of why some of these
elements are a problem.

A summary of the itate-of-the-art is as follows:

[ The elements which are most frequently associated with a deterioration in high temperature properties of
nicke] base alloys are sulfur, lead, bismuth, tellurium and selenium.

2. These elements can all be removed to a large extent during scrap processing, for exampie by the AOD process
(39) or during VIM by volatilization.

3. Ca, Mg and REM additions to the melt can all help with the removal of tramp elements, but care must be
taken to keep the residual of the additions to a low level otherwise the properties of the alloy can be adversely
affected. Bailey et al (36) describe a calculation for REM additions to fimit the residual content.

L8 Boron and zirconium are used successfully to remove tramp elements, but since Zr can increase the amount of
microporosity (which can sdversely affect mechanical properties), it is not recommended as an addition to
castings for high stress/high temperature applications.

3.  Even though the bulk level of impurities may be low, most of these elements can segregate and concentrate in
grain boundaries. This causes a Joss of ductility and leads to intergranular fracture.

6.  Bismuth and selenium do not appear to be 3o harmtul in cobait-base alioys as they are in nickel-base alloys.

7. Particularly for elements such as Cu, Fe and Sn which are difficult to remove during AOD processing, care
must be taken to analyse any scrap which is to be used for recycling.

s. Accurate analysis to ppm levels is difficult even for those laboratories which must routinely perform such

tasks.
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RCCYCLING CONFORM DESIGN

Prof. Or.~Ing. Walter Jorden
Univereitdit Paderborn, F8 10, Pohluweg 47/49, 0-4790 Pederborn

SUMMARY

manner by & recycling model system. The analysie of this aystem results in additional
neu gosls end guide lines for deaign, The guide lines sre interpreted by examples shou-
ing how a product can be designed in & recycling conform manner, {, e, ssch product
should be prepared in sn optimal way for the sventual reuse of the whole product and,
after the end of product life, for regeining the residue materisle. The guide lines
point out to the future, but cen be reslised in part sven today without additionsl
coet

»

1. DESIGNER AND RECYCLING SYSTES

Ve nesd mechines and apperstus’ for solving problems; by producing and using machines we
create nev problems. Therefore we are responeible for controlltn? the technicsl develop-
sent todey, if ve want to see & change in our couree tomorrow ~ like a big ship.

Machines and apparatus' sre crested by the designer. He decides not only on their cost,
dbut aleo on their quelity in the uee and ths consequences for thes environment, By the
increasing smount of information and demand to be taken into consideration the designer
is more and more overtsxed. Therefore the scisnce of design must help him by information
and guide lines suitable for practical purposes /1/.

Often the designer fesls only like @ link in a linear
information chain going from the causs (task) over a
procedure (design) to the result (product), Fig, 1.
Really the result fesds back to the cause, sC we have
s closed loop. Mostly these fesd-backs are caused by
defects or by suggestions coming from production,
ssle or use. S0 the product is ?Qprovod and by end by
optimised for lov price and sufficient fulfilment of
its function,

But this "optimisation® is not optimal as seen from

e higher view ¢’ economics. Ue are forced to preserve
our material ressources as well as our snsrgy ressour-
ces and our environment, Beeides economising snd sub-
stitution of materials, recycling must be the third
measurs (Fig. 1, dotted lines). This recycling loop
is & material circle. The information circle inclu-
ding the designsr is closed by anslysing the recyc-
ling system and gaining new aime and tasks for de-
.12ntng (pointed linee). The consideration and resli-
sation of them is 'rocyelln? conform design™. It
means that e product is designed in a manner that it
is prepsred in an optimal vay for

= the esventual reuse of the whole product or parts

of {t end
= the regeining of the materisle after the end of the
th-‘ Mo phasse of 2 product; product life.
recysYiag st tnteraatien circies

T inforsation] [1. Necopnising the 2. RCALISATION OF THE RECYCLING CONFORR OESIGN
(Predien) podle The designer solves probless by technical mesns.
i . Therefore we Pind the five steps of the problea sol-
2. Inftattion | 12. Formulating the ving in the design process too, . The same
(Me) task procedure {s useful for developing the recycling
X conform design, fig, J.
3. Crestion 3 bwing @
(Igens) 'M.q‘- At first we must realise the problem iteelf. Then
- . ve have to fer-ulo:o :ho ::ok. ;n don: :; /1/7’Th;
conec {eueness third step is developing sas for solutions
A t:,:.". ¢ Wekimg ! ’ 4, 5/. In the fourth step we should introduce u'mﬂ
(Griticim)| | estiamting poosibt ittt Ldeas into practice, and test thes. It is east le-
= portant to wake up the consciousnese of the problea
S. ‘“.M'.’ 5. Selesting switable in all men participsting in our technicel systes,
lutien SN0Ures
- - el X
f' (hlm-" 5. Propering o Eismd (w the Tett): Somral preblon salvtng srosess
e ) res)ioing f1a.3 (on the Fight): Nooswes for roalietay S resyeliang cuntore deoign, sssersing to g, ?
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‘The flow of materials in a real recycling system can be demonstrated in s simplified
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sspecially on the manegement level. There is a series of possibilitiss for realising the
recycling confaorm design without any or with little cost; we must find and pick them out
in the fifth atap. After that ue can prepare and carry out meaaures.

Looking to the design process we Pind tuo points where the demand for "recycling conform®
is of & specisl importance:

~ In the planing phase the demand for "recycling conform™ must be part of the task re-
spectively the list of demands; otherwise the product will never show this Pesturs.

~ Ouring the wlaboration phase the designer must be supportet by guide lines and examples.

3. RECYCLING MODEL SYSTEM

: Tholflou o: -.tort:ll in
______________________ ground\reel recycling systems
flesgource Jo= = = = = = sz2==z2=3z232==22:=3= enn be demonstrated in s
i simplified manner by s
recycling model systesm,
fig, A. From the ressour-
ces of the earth, raw ma-
teriale are gained which
flov into the production.
The primary recycling
circle ("pre-consumsr te-
cycling”) consists of
production wvaste. The ma-~
terisl comes back to e
production of the same
kind with or - as far as
posaible ~ without pre~
paring.

Gatning and

preparing |
rov aaterial = D ‘ 4 (including
safntainence)

Now the product is used
(double srrous). The main
target i{s to prevent the
product ending on the
dumping ground or bur-
dening the biosphers,
Therefore we should try
to prolong the product
1ife. fMeasures as mainte-
nance and repeir do not
belong to recycling, but
to normal product uae.
There is, however, no ex-
act border between these
regions., "Recycling during product use™ or "consumer recycling™ mesns that a product, in-
stesd of leaving the stege of use, is regenersted by specific processss end given back

to the seme use (#. g. reconditioned csr engines or mold tires).

g 8 Sl fled recreling nodel systee

Thie is called "reuse”. The product doss not loese its fora or its function; it remains

on g high value level; opposite to disintegration or reduction to small pieces which

would imply & heavy loss of value. Therefore the reuss is the preferred wey of recycling,
0ften the product may be "used on" for a diffarent purpose, 1f it is no longer suitable for
its original purpose (e. g. using tires as buffere in a port); that also means a certain
loss of value.

Whan reusing or "using on® ie no longer possible respectively economical, the product must
be disintegreted or reduced to o.olg pisces for regaining the materiasls. Thie “post-con-
sumer recycling™ may lesd to a production of the same kind as before (rautilisation®, e,
¢. steel screp remelted to stesl), or to s diffsrent production ("utilising on", e. g.
producing grounds for sports facilitis from worn tires).

All pracedures in thees cycles imply losses of materials (and energy); we have to try to
minimise these josses in an optimsl way, respectively, in the borderline case, to remove
them,

4, 3 FOR RECYC o/n L]

Guide lines for the recycling confore deaign can be developed fros the processes in the
r::leltno eystemes, Cuide lines are not inflexible rules, but recommendations. The normal
t of svery ‘o:lsnor is to find compromiases betwesn different do-ondli recycling gives
8 nev categery of design demsnds end criterions for optimieation., Ve will

aain guide lines sccording te the three recycling circles.

consider the

.1 Pra-sanausar fasyeling

Regaining the meterisl of productien weete is the most frequent kind of recycling, espe-
sielly fer thees reasens:

-

- ._-_.—_"‘-._,_.‘_. 'W ,l -—————




T
{
' * J
| |
233

~ The materiasls are known. ‘

~ They can be collected in a eimple, clean and separets vay.

~ The wvays of trsnsportation are simple and short.

~ The prafit cen be calculated,

The designer oftan has only an indirect influence upon thess procssses because they be-~ A

long to the responsibility of the production. Therefore the followin vide linee require
a close cooperation betveen desipn and production - which will be helpful in esvetry case.

§“‘§-"*§r§' Such production processes should be used which do not cause veste, at
east as tle wvaste ss possibdle.

The veste in cutting processes can be minimised by optimal positions of the shape on s
shest metsl plate and by using-on cut off parts for smaller pieces.

[%*g*g}*%%li&xn Wot avoidsble production wvaste should be suitsble for recycling, and I
at v s little coat end velue loss as possible.

4,2 Recycling during use {(consumer recyclin

The guide lines Oof this group are on the border between recycling and maintenance, A
strict separation is neither possible nor efficient, because both of them intend to keep
e product as long as poesible in the using stage, i.e. on high value level. The repeir
or msintenance oOf a larger product, like an sesroplane, often means that singuler unite
ere replsced and recycled.

“Shie-abind

But there is a clear difference betusen an individual "repair” of @ product gfter s defect
and a "product regensration® in an industry-like manner /4/. Examples of recanditioned en- i .
gines, typeuriters, machine tools show that it is possible to achisve recycling by plante
or vorkshops in an esconomical vay. Their products are as good as new ones or still better,
if sech of them is tested individually in contrast to nevw series of products wvhich sre on- ]
ly tested et random.

The next guide lines follow the range of pracedures in s regensrstion workshopi

Basic fg;o ![n Every product should be suiteble for a reuss with as little expense ae
. possible; erefore regensration or reconditionining should be se sesy as possible.

Thies rule should be obvious, but ve see only too often how {t is violated by too short-
sighted economical considerstions, A positive sxsmple is the standard glass bottle for
beversges. The aluminium screv cap does not only save the contents and the snvirone and
seal the tottle, but aleo enables the bottle to be closed agasin and protects the empty
bottle sgainst dirt as vell as the bottle thread sgainst damege. The latter functions on-
ly concern the racycling of the bottle.

- ablys Every product consieting of several parts should be die~ end ress-|
sembled without deamage as simply, clearly, and esfely ae possible.

The enap jointing between the ball bearing end the hou-
eing, {*g‘ti. is 8 negative example for an sasy assea-

Fig, $; Jototing bet- bly without being able to be dissssembled.~ In every
: veon batl beurfng an¢ cese disassembly should be possible without any specisl
- housing by snep vesher toole; ell parts concerned should be well accessible. .
3 1, onsily to bo sasen- '
tlet by chanter 7, but smﬁ_gm,u, Detachable connections must Pulfil their 4
et te be ¢ sasoomhled unction over the whole product life including recyc- ' '
- n ling, i.s. they must neither be stuck by corrosion
2 R not lose their function by repsated detachment. 3

Cepecially bolts are susceptible to corroeion; therefore there should not be any slit be-
tween screw hesd and contect surface (e. g. NO open spring vesher). The houeing of the
prinder, L“‘T&' could not be recycled becsuse a thread hole had besn torn out. Better
solutions would be through~holes with longer bolts, or thread inssrts. On the other hand
in the sitcraft industry ve aust take the weight into coneidesration.

E}..eingl Parte should
e able to be clesned

completely vithout de-
n0Q0.

Cavities and cornsre should
be well scoessible, lette-~
ringe durable encugh agsinat
selvents.

tak

fore dovigp of the p
Meosing for s grinter N
(threed hole tars sut)

[
should be sither abee-
lutel oqui or clessr-
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That Pacilitetes storage probleme ss well as the identification of parts after disssesen-
bly.

The next group of guide lines will help to reducs ths number of necesssry neu parts in
the regeneration proceess.

u Wear ehould be eleminated, et least minimleed. Unsvoldable wear 1s to be llmite !
poclnl, easily interchengeable eslemente.

Such elemente are well known in brakes or clutchss. lmportant are the wherssbouts of the 4
vorn material, beceuse it is lost for recycling snd mostly scattsred in the environment, H
Machining sllovances and adjustwment side for regeneration are to be teken intc coneiders- i
tion., The decision about sliding or rolling friction should depend on the 1ifs expacten-
cy (the rolling principsl is not aluays the better onnz. The tribological knowledge i
should be transposed into practice in s more consequent wvay.

[Co;rgaxonl Every product eshould be designed in esuch & way thet corroelon will not find
s working surface.

Chae m L apmecian o

€. g. gaps or wlits are to be avoided, or stuffed, or designed large enough not to retain
dirt and moisture. Water or condensate must not accumulate in cavities; they should be
closed or hasve lerge enough drain holes.

%*g&gg*;g,al’xggfl Layers against corrosion and other destroying influences should be
menslione or the whole product 1ife; {f not possible, they should be rensvable as
sanily and completely as posasible,

That concerns all kind of protective layers, aleso on joints, bolts, snd other smsll partes,
But we should note that esch layer repreesnts s compound materisl, and we hsve to weigh
the enlargement of the product life sgeinet the perhape negative consequences in an sven-
tusl recycling procesas.

S&!2§’£§£‘5§Ag§‘ Elements, assembly groups, or products with the same function should
¢ standardised in structure, joining dimensions and matsrials.
This rule will facilitate the identification and the exchangement of parts as well as the

identification of the material in the eventusl recycling process. Each kind of misconcei=-
ved individualism cen only be injurious. Positive exemples sre anti-friction bearings.

AP L RN, AT s W BA L s

4.3 Pogt-congum clin

Eventuslly esach product will not be able to bs regensrated; then it will be disintegrated
for the reutiliestion of the materiale, Teking into consideration these processes brings
new demands to the design of products.

g*‘liaiglgall*l Cvery product {in addition to the consideration of all design demands)
shou @ designed in such & vay that it {s prepard fo: & procees to regain the mate-

risls after the end of uee. L

A s e

The mein problems are to i{dentify the materials and to sort them into compstible groupes
/3/. €. g. it is possible to add screp of unalloyed to high-alloy steel screp, but not con-
versely. This problem becomes most difficult if aluminium alloys ars considered, which are M
af high impartance i{n the aircraft industry. Aluminium scrap from wrought alloy of high va- ¥
lue can only be reutilised for inferior casting slloy if the composition of alloys is not
exactly known or 1f the scrap is contaminsted by different alloys.

fFrom thie point of view we find the following guide lines; their realisation still requi-
tes eome preparatory work., '

[ s A clesrly vieible and durable IdentIPication eymbol ehould stete the
moterial (respectively the compstible materisl group) and the poseibilitise of recycling

7 () T\ Such synbols already were used in a simple form during
) the lest var for marking non-iron materials, s, g. for 1
el Promel of s spe ¢ ngq, shovs a propoesal for cod.lnr mors than
! stating sateriel o 640 000 stent combinations. In thie Pield intensive

rocrsling possibiliten, work should be done, being en important assumption for
s & for slusintes 2/ sn economicel rocycitng sspecislly of aluminium snd high-

)
():
O retont; 5 - dompenad) .1‘0, materiale.

ﬁn.:..;.;*.étg;gg!gsil At firet it ehould be aspired to that & product consliste of only
one recyclabl. materisl, at lesst that asll ssterisle of the product belong to the ssme
[

etible materisl fqsoup.

|

3
!

An example fe 8 ball besring with s steel cage.

an one~mster product cannot be e 89~

[ (] e P ot consiete only eof sateriale which do not eutuu in the recyc-
llng process, i.s. of an recyclable main seterial and ss fev as possible other materi-
10 N b _removed in the recycli 200008,
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€. g. the plestic cage of a ball bearing is lost if the besaring ie melted, but it does
not contaminate the steel melt,

‘§g§¥;;1§ggxgﬁ¥ggtu If o compatible or a non-disturbing material combIination cennot be
achieved v n the whole product, then it should be posaible to separate the product

88 ®asily and clearly as possible into groups or sssembly units sach of them consiet-
ing of competible or non-dieturbing materials,

- et 5 e

Oisturbing materisle should be svoided, st lesst their proportion should be kept under the
admissible limit. €. g. in & stesl melt the mein disturbing meterials ere copper (admiesi-
ble € 0,15 X) end tin (e 0,02 X£). A roller bearing with a brass cage would exceed the
copper limit by fer.

i‘ﬁ“’*&%%‘ Groups to be separated in the recycling process should be clesrly marked
end pos oned in the outer areas of a product for ssay access and detechment., Their
number should be minimised.

This rule spplies to unite uith disturbing materi-
ales (o, g. slectric motors with a high copper pro-
portion) ss well as with scarce or high value ma-
terial (e. g. cobald). 8 shouws hovw a new de-
—] sign deteriorates the iden ication end the se-
_ parstion of an electric motor in a seuwing-mechine.

figy B; Wt recreling £¥=§£n=g_=*£**£’lll 1 combined or compound mate-]
—— A corfors new destgn of rials conelsting of not separeble and not compa-
- 1 seving sughine /2 tible materiale are to be used, the advantages
(olectric matee inte- (longer 1ife etc.) should bs cerefully weighed
— ! woted 1n amd hioden sgsinst the disadvantages in the recycling pro-
— by the houstng) cees. One-meterial, compatible or separable prln{
cipals should bs prefered. )

E. g. 2inc 1s one of the best steel protective layers l’atnot corrosion, but in the mel~
ting process it is aggresaive to the melting furnsce. If a bsverage tin consisets of aslu-
ainjum with & tin plate cover, neither of thess materials cean be recycled economically,
whereas & “tin" only of sluminium is not more expensive, but conforms to recycling.
Similar reflections should be made if aluminium parts are connected by stesl rivets.

M S, ECONOMY ANO RECYCLING

There is the assumption that the recycling conform design would meke the products more
expenaive, snd therefors would decresse the industry sgainst the competition of other
countries. Thie meaning ie not only shortsighted concerning ths reseource situation,
but sleo in & general sense not correct, for the following reasons:

- Several ssasures cen be reslised without any sdditional coest, if the designer is auvsre
of the probles.

- Recycling conform producte often are alao maintenance conform; ss the personnsl coests
‘ are arieing, thie is throughout an argument for publicity.

= The change from "repair™ to "regeneration” will result in new places of employment in
regeneration centres or eimiler and help the plant to reduce the expensive repsir de=- :
pertaents. i

= Regenersted recycling products can be of the same value ss new products, but conside-
rably chesper.

- Secondary materials often need only a frection of the onor,y necessary for primary me-
N teriale. There {e ean economic optimum at & certain quotea o roeycllnz; therefore the
recycling quots cen have a positive influsnce on the rau material pr

e

3

.
Experience shows that even today it is poseible to achieve an esconomicel rocyclin? of P
residue materiels with one-material products (e. g. glase) or vith simple eeparstion of b
saterisle (o. g. lead accusulators), sn important condition for that being fsvourable !
transportation fecilitiss. The recycling conform design will and can help here as well |
a9 in maintaining producte in the stats of use, The guide lines have not bsen developed !
for & epecisl kind of products, therefore they can be transfered to sircreft products r
sleo. Recycling must not be done redically; but in a ressonsble and selective way it
ohou{c'bo part of meassures for preserving our ressources and the sconomical basis of I
our 1ife.

|
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